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El trabajo descrito en la presente tesis ha sido organizado en capitulos en los que 
se detallan diferentes artículos publicados, enviados para su publicación o en preparacion 
en los cuales esta basada la tesis.  
El Capitulo 1 es una introducción en la que se presenta el estado del arte del tema 
y los objetivos de la tesis.  
En los Capítulos 2 a 4 se evalúan las propiedades electrocatalíticas de diferentes 
mediadores (hidracina, NADH y ácido ascórbico) que podrían ser utilizados en 
reacciones de reciclado de substratos enzimáticos en estrategias de amplificación de señal 
en biosensores. La hidracina es usada como antioxidante y agente reductor, el NADH es 
fundamental para el funcionamiento de oxidorreductasas y deshidrogenasas y el ácido 
ascórbico (AA, vitamina C) es de gran importancia como antioxidante. Las propiedades 
electrocatalíticas de monocapas de o-aminofenol (o-AP) en superficies de carbón vítreo 
fueron empleadas en la caracterización electroquímica de estos mediadores con el 
objetivo de seleccionar el mediador más adecuado. Para ello se determinaron diferentes 
parámetros cinéticos asociados empleando voltametría cíclica e hidrodinámica, así como 
cronoamperometría y cronocoulometría de doble potencial, siendo el acido ascórbico es 
mas adecuado en términos de coste, respuesta electroquímica y estabilidad.  
Teniendo en cuenta estas propiedades del AA, se decidió explorar otras posibles 
aplicaciones clínicas y en análisis de alimentos de este sistema. En primer lugar se 
estudio la determinación de acido úrico en presencia de AA, el cual coexiste en diferentes 
fluidos biológicos y se estudió su determinación en muestras reales de orina (Capítulo 4).  
En los Capítulos 5 y 6 se detalla la utilización de electrodos desechables 
modificados con o-AP fabricados con la técnica de screen-printing en la determinación 
de AA de ácido ascórbico en una amplia variedad de frutas y vegetales frescos y zumos 
comerciales. La selectividad, reproducibilidad y estabilidad de estos electrodos fueron 
también estudiadas. 
En la segunda parte de la tesis se evalúan diferentes estrategias para la 
inmovilización de anticuerpos para la construcción de inmunosensores. Estas estrategias 
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consisten en la deposición de los anticuerpos en superficies de oro mediante 
autoensamblaje de compuestos tiolados o la electrodeposición de sales de diazonio.  
En el Capítulo 7 se compara el uso de dos compuestos ditiolados para la 
modificación de superficies de oro. Estos compuestos se emplearon para la 
inmovilización de anticuerpos en la construcción de un inmunosensor electroquímico 
para la detección de gliadina en muestras reales. 
El Capítulo 8 es la continuación del trabajo anterior y está basado en la adsorción 
espontánea de fragmentos de anticuerpos o anticuerpos tiolados en superficies de Au para 
la detección de gliadina. Para ello se compararon las respuestas amperométricas de 
ambos sistemas, observándose una excelente sensibilidad en el caso de los fragmentos de 
anticuerpos, asi como una mayor estabilidad (hasta 60 dias a 4ºC) de este sistema.  
En el Capítulo 9, se estudia una alternativa consistente en la electrodeposición de 
sales de diazonio conjugadas a anticuerpos. Para ello se estudiaron diferentes métodos de 
deposicion (electroquímicos o adsorción espontánea), siendo la deposición empleando 
voltametría ciclica la más adecuada. Sin embargo, esta metodología requirió de un gran 
número de pasos de lavado para la eliminaciñon de compuestos adsorbidos no 
específicamente. A pesar de esto, el anticuerpo inmovilizado mostró una buena afinidad 
hacia la gliadina al ser evaluada por amperometría con una excelente especificidad. 
El Capítulo 10 consiste en las conclusiones generales y un plan de trabajo para el 
futuro. 
De forma general, este trabajo ha contribuido significativamente a la culminación 
de una estrategia que evita pasos de lavado y de adición de reactivo en el diseño de 
inmunosensores. Para ello se la seleccionado el mediador más adecuado para 
coencapsulación con fosfatasa alcalina en liposomas para la regeneración de sustratos 
inmovilizados en superficies, lo cual facilita su reciclado, así como incrementa la 
sensibilidad y disminuye los limites de detección. Paralelamente, se han estudiado 
diferentes superficies para la inmovilización de anticuerpos consistentes en la deposición 
de los anticuerpos y sus fragmentos en superficies de oro mediante autoensamblaje de 
compuestos tiolados o la electrodeposición de sales de diazonio. Se propone en el futuro 
combinar ambas estrategias en la construcción de plataformas inmunosensoras de fácil 
operatividad y ultrasensibles.  
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Specifically outlining the work achieved in this PhD thesis, the work is organised 
into separate articles that have been published, submitted or are under preparation for 
submission. 
Chapter 1 is an introduction, in which the state of the art and objectives are 
presented.  
In Chapters 2-4, different potential mediators that could be used for the catalytic 
interaction with the enzymatic product o-AP were evaluated and due to their well 
characterized properties, hydrazine, NADH and ascorbic acid were selected for further 
study. Hydrazine is used as an antioxidant and reducing agent; NADH plays an important 
rule in oxidoreductases and dehydrogenase systems and ascorbic acid (vitamin C) is an 
antioxidant whose detection is important in clinical and food applications. The 
electrocatalytic properties of o-aminophenol films grafted on glassy carbon surfaces have 
been employed for the electrochemical evaluation of hydrazine, NADH and ascorbic 
acid, to select the most relevant as a recycling mediator in the planned signal 
amplification strategy. To evaluate the best mediator, the reaction kinetics between 
mediators and the o-AP/o-QI were extensively studied using different techniques such as 
cyclic voltammetry, hydrodynamic voltammetry, double potential step 
chronoamperometry, and double potential step chronocoulometry.  
Of them, ascorbic acid was selected as the mediator for regeneration of the o-AP 
film and substrate recycling. We had thus demonstrated an interesting catalytic system 
for the oxidation of ascorbic acid, which is stable, sensitive and reproducible, and we 
decided to explore this system for clinical and food applications. In the first application, 
we targeted the determination of uric acid (UA) in the presence of ascorbic acid (AA), 
which commonly co-exist in biological fluids of humans, mainly in blood and urine 
(Chapter 4). In Chapters 5 and 6, the selective electrocatalytic properties of the grafted 
o-AP film toward ascorbic acid were also applied to its detection in real samples of fruits 
and vegetables using disposable one-shot screen printed electrodes. The o-AP modified 
screen printed electrodes showed high catalytic responses toward the electrocatalytic 
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oxidation of ascorbic acid. The o-AP SPE sensor exhibited high sensitivity and selectivity 
toward ascorbic acid with excellent storage and operational stability, as well as a 
quantitatively reproducible analytical performance.  
In the second part of the thesis, different surface engineering strategies of 
antibody immobilization for immunosensor construction using a linker or via direct 
attachment onto a Au surface using a strategy of self assembly were evaluated and 
compared. An alternative strategy explored was the direct anchoring of the antibody with 
or without a linker via the electrochemical reduction of their diazonium cations. 
In Chapter 7, a comparison between these different surface chemistries 
methodologies for the construction of immunosensors towards the model analyte of 
coeliac toxic gliadin was carried out. Firstly, the self-assembled monolayer approach was 
evaluated based on the modification of gold surfaces with two bipodal carboxylic acid 
terminated thiols (thioctic acid and a benzyl alcohol disubstituted thiol, DT2). A stable 
SAM of DT2 was rapidly immobilized (3 h) on Au as compared with thioctic acid (100 
h), although both surface chemistries resulted in highly sensitive electrochemical 
immunosensors for gliadin detection using an anti-gliadin antibody (CDC5), with 
detection limits of 11.6 and 5.5 ng/mL, respectively. The developed immunosensors were 
then applied to the detection of gliadin in commercial gluten-free and gluten-containing 
food products, showing an excellent correlation when compared to results obtained with 
ELISA.  
In Chapter 8, another approach was explored to further improve immunosensor 
sensitivity and stability and furthermore to reduce the time necessary for sensor 
preparation was investigated looking at the direct attachment of the SATA modified full 
length antibody, and their F(ab) fragments onto Au electrodes. Spontaneously adsorbed 
SAMs of Fab-SH and CDC5-SH onto Au were rapidly formed in less than 15 minutes. 
The amperometric immunosensors based on Fab fragments exhibited a vastly improved 
detection limit as compared to the thiolated antibody with a highly sensitive response 
toward gliadin detection (LOD, 3.29 ng/ml for amperometric detection and 0.42 µg/ml 
for labelless (impedimetric) detection). Moreover, the self-assembled monolayer of F(ab) 
fragments was extremely stable with almost no loss in response after 60 days storage at 
4oC. 
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In Chapter 9, an alternative surface chemistry approach was explored for the 
modification of Au electrodes via electrochemical and spontaneous reduction of 
diazonium cations of a conjugate prepared from the monoclonal full length anti-gliadin 
antibody (CDC5) and the linker 3,5-bis(aminophenoxy)benzoic acid (DAPBA). Cylic 
voltammetry was chosen for surface modification via applying three potential cycles, but 
it was observed that an extensive washing process was necessary after each potential 
cycle to remove the non-specifically adsorbed molecules or formed multilayers. The 
affinity of the immobilized antibody toward gliadin was studied using EIS and 
amperometry. The modified CDC5-DAPBA surface showed a reasonable amperometric 
response after incubation with 5 µg/ml gliadin, and exhibited excellent specificity with no 
response observed in the absence of the analyte. 
In Chapter 10, general conclusions and future work are presented.  
From the different surface chemistry strategies evaluated in this work we can 
conclude that the best approach is the immunosensor based on the spontaneous 
adsorption of thiolated F(ab) fragments on gold. This surface is easy and fast to prepare, 
very stable and sensitive and can be stored for long times in the appropriate conditions 
without lost of affinity. A good alternative to this approach seems to be the 
electrodeposition of antibody-diazonium conjugates, although further work is needed in 
order to optimize this system. 
Overall, this work has contributed significantly to the vision we have for an 
immunosensor that avoids washes and reagent addition, where we have selected an 
excellent mediator for co-encapsulation with alkaline phosphatase enzymes within 
liposome reporter molecules, for regeneration of surface immobilised substrate following 
enzymatic dephosporylation, facilitating substrate recycling and increase in sensitivity 
and reduction in detection limit. Furthermore, we have selected an optimum surface 
chemistry for co-immobilisation of capture antibody molecules and enzyme substrate via 
the formation of self-assembled monolayers of antibody fragments on gold surfaces. 
Future work will focus on combining the selected mediator and surface chemistry into a 
sandwich immunosensor with a target sensitive liposome reporter molecule, to 
demonstrate a reagentless, washless ultrasesensitive immunosensing platform. 
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1. Introduction 
1.1. Definition of biosensor 
A biosensor is  a self-contained integrated device, which is capable of providing 
specific quantitative or semi-quantitative analytical information using a biological 
recognition element (biochemical receptor) which is retained in direct spatial contact with 
transduction element (usually physical, chemical or electrical) capable of detecting the 
biological reaction and converting it into a signal which can be processed in response to 
the concentration or level of either a single analyte or a group of analytes [1]. The 
biological sensing material may be a protein such as an enzyme or antibody, a nucleic 
acid (DNA, RNA or PNA), antibody fragment, a whole microbial cell, or even a plant or 
animal tissue [2], and biosensors can be divided into catalytic (enzyme) and affinity 
(antibodies, lectine, DNA) sensors. 
 
1.2. Definition of immunosensor 
An immunosensor is an affinity ligand-based biosensor solid-state device that uses 
antibodies or antigens as the specific sensing element, in which the immunochemical 
reaction is coupled to a signal transducer which detects the binding of the complementary 
species providing concentration-dependent signals [3]. The fundamental basis of all 
immunosensors is the specificity of the molecular recognition of antigens by antibodies to 
form a stable complex [4]. An indirect immunosensor uses a separate labelled species that 
is detected after binding and a direct immunosensor detects immunocomplex formation 
by a change in potential difference, current, resistance, mass, heat, or optical properties. 
Although indirect immunosensors may encounter fewer problems due to nonspecific 
binding effects, direct immunosensors are capable of real-time monitoring of the antigen-
antibody reaction [5].  
There are various transduction systems, such as electrochemical, optical, 
piezoelectric, and nanomechanics methods, which have been used for the design and 
fabrication of immunosensors [6]. In conventional solid-phase immunoassays, reagents 
are generally used only once, whereas immunosensors can facilitate the regeneration of 
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the immobilized component by using the reversibility of the antibody-antigen reaction.  
Thus, the bioactive surface of the biosensor can be regenerated to enable continual 
monitoring of the measured signal. Regeneration of the sensing surface is usually 
performed by displacement of the immunoreaction [7,8], using agents that are able to 
break the antibody-analyte association-organic solvents with acidic buffers [9], 
chaotropic agents [10] or digesting enzymes [11] or a combination of two or more of 
these methods.  
 
1.3. Classification of immunosensors 
The biorecognition element determines the degree of selectivity or specificity of the 
biosensor, whereas the sensitivity of the biosensor is greatly influenced by the transducer 
[12]. According to the transduction mechanism, immunosensors can be classified into 
four types: electrochemical (potentiometric, amperometric or 
conductometric/capacitative), optical (luminescent, fluorescent, reflective, ellipsometric, 
surface plasmon resonance (SPR), and waveguide), microgravimetric (piezoelectric or 
acoustic wave), thermometric (calorimetric) and nanomechanic immunosensors [5,6]. 
There is a great variety of labels which have been applied in indirect immunosensors, 
such as enzymes (e.g. glucose oxidase, horseradish peroxidase (HRP), β-galactosidase, 
alkaline phosphatase, catalase, luciferase), nanoparticles, and fluorescent or 
electrochemiluminescent probes [13-17], and electroactive compounds such as ferrocene. 
Among the fluorescent labels rhodamine, fluorescein, Cy5, ruthenium diimine 
complexes, phosphorescent porphyrin dyes and the most widely used [18-22]. Although 
the indirect immunosensors are usually more sensitive, they are not capable of real-time 
monitoring of the Ab–Ag reaction and increase both development and operational costs 
compared to label-free immunosensors.   
The vital advantage of the direct (non-labelled) immunosensors is the  simple, single-
stage reagentless operation. However, such direct immunosensors are often inadequate to 
generate a highly sensitive signal resulting from Ab–Ag binding interactions and often 
fail to meet  the demand of sensitive detection.  
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1.4. Electrochemical Immunosensors  
Electrochemical transducers are the oldest and most common methods used in 
biosensors. In immunosensors, the principle is based on the electrical properties of the 
electrode or buffer that is affected by Ab–Ag interaction. They can determine the level of 
antigen by measuring the change of potential, current, conductance, or impedance caused 
by the immunoreaction. They combine the high specificity of traditional immunoassay 
methods with high sensitivity, possibility of multiplexing and low cost of electrochemical 
measurement systems, and thus exhibit great advantages. They are not affected by sample 
turbidity, quenching, or interference from absorbing and fluorescing compounds 
commonly found in biological samples, as is the case with optical immunosensors. 
However, a high-performance, cost-effective field analysis system still remains a big 
challenge. In the work reported in this thesis, electrochemical transduction is exploited 
and to this end the different possible electrochemical transducing strategies are detailed 
below. 
 
1.4.1. Potentiometric immunosensors 
Potentiometric transducer electrodes are based on the principle of the accumulation of 
a membrane potential as a result of the selective binding of ions to a sensing membrane, 
and are capable of measuring surface potential alterations at near-zero current flow, are 
being constructed by applying the following methodologies: 
 Transmembrane potential. This transducer principle is based on the accumulation of 
a potential across a sensing membrane. Ion-selective electrodes (ISE) use ion-selective 
membranes which generate a charge separation between the sample and the sensor 
surface. Analogously, antigen or antibody immobilized on the membrane binds the 
corresponding compound from the solution at the solid-state surface and changes the 
transmembrane potential.  
Electrode potential. This transducer is similar to the transmembrane potential sensor. 
An electrode by itself, however, is the surface for the immunocomplex construction, 
changing the electrode potential in relation to the concentration of the analyte.  
Field-effect transistor(FET). The FET is a semiconductor device used for monitoring 
of charges at the surface of an electrode, which have accumulated on its metal gate 
 3
UNIVERSITAT ROVIRA I VIRGILI 
BOTTOM-UP SURFACE ENGINEERING FOR THE CONSTRUCTION OF (BIO) SENSORING SYSTEMS: DESIGN STRATEGIES 
AND ANALYTICAL APPLICATIONS 
Hossam Metwally Ahmed Nassef 
ISBN:978-84-692-3235-4/DL:T-932-2009
between the so-called source and drain electrodes. The surface potential varies with the 
analyte concentration. The integration of an ISE with FET is realized in the ion-selective 
field-effect transistor (ISFET), and can also be applied to immunosensors.  
Potentiometric immunosensors are based on the fact that proteins in aqueous solution 
behave as polyelectrolytes and subsequently the electrical charge of an antibody can be 
affected by binding the corresponding antigen. Measuring the changes in potential 
induced by the label used, which occur after the specific binding of the Ab–Ag, a 
logarithmic relationship between potential and concentration is revealed. The first 
description of the use of potentiometric transducers for monitoring an immunochemical 
reaction was published in 1975 [23]. Examples of these kinds of immunosensors for the 
determination of the pesticides 2,4-dichlorophenoxyacetic acid (2,4-D) and 2,4,5-
trichlorophenoxyacetic acid (2,4,5-T) have been reported [24,25], as well as an ISFET-
immunosensor for the determination of the simazine herbicide [26].  
A biosensor for detecting Candida albicans has been developed based on a field-
effect transistor (FET) in which a network of single-walled carbon nanotubes (SWCNTs) 
acts as the conductor channel. Monoclonal anti-Candida antibodies were adsorbed onto 
the SWCNT to provide specific binding sites for fungal antigens [27], the SWCNTs 
modified with anti-Salmonella antibodies were used for detection of Salmonella [28]. 
Rius and coworkers has developed another FET biosensor for bisphenol A detection in 
water in which a network of single-walled carbon nanotubes (SWCNTs) acts as the 
conductor channel. SWCNTs are functionalized with a nuclear receptor, the estrogen 
receptor alpha (ER-α), which is adsorbed onto the SWCNTs and acts as the sensing part 
of the biosensor which detect picomolar concentrations of BPA in 2 min [29].  
An advantage of potentiometric sensors is the simplicity of operation, which can be 
used for automation, and the small size of the solid-state FET sensors. Conversely, 
potentiometric immunosensing has several problems such as, signal-to-noise ratio is low 
because the charge density on most biomolecules is low compared with background 
interferences (e.g., ions), and there is a marked dependence of signal response on 
conditions as pH and ionic strength [3]. One significant problem associated with ion-
selective potentiometric transducers is that the measured potential is related only to the 
activity of the ion. Furthermore, ISEs are vulnerable to interferences from other ions, 
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which also reduces the specificity of the sensor [5,30]. Thus, a trend moving away from 
these techniques for immunosensing has been observed in the last few years. Only the 
ISFET may be seen as a candidate for ultrasensitive clinical immunosensor applications, 
in particular, when the novel concept of differential ISFET-based measurement of the 
zeta potential is used [31].  
 
1.4.2. Amperometric immunosensors 
Amperometric sensors are designed to measure the concentration-dependent current 
generated by an electrochemical reaction at constant voltage after immuno-complex 
formation [32]. The resulting current is directly proportional to specific antibody–antigen 
binding. However, many molecules (e.g. proteins) are not intrinsically electroactive and 
cannot be directly detected amperometrically. Therefore, electrochemically active labels 
(enzymes) are incorporated to catalyze redox reactions that facilitate the production of 
electroactive species, which then can be determined electrochemically. A series of 
enzymes have been used for substrate transformation in amperometric systems [33], such 
as alkaline phosphatase, which catalyzes the dephosphorylation of phenyl phosphate or p-
aminophenyl phosphate (4-APP) compounds, resulting in electrochemically active phenol 
or p-aminophenol [34]. Horseradish peroxidase (HRP) catalyses the oxidation of H2O2 in 
presence of different redox mediators such as aminophenols, phenylenediamine 
derivatives, and hydroquinones, but most of HRP mediators are unstable and require fast 
enzymatic assay. Glucose oxidase, glucose-6-phosphate dehydrogenase, have also been 
applied as labels [35].  
The main disadvantages of amperometric immunosensors of having an indirect 
sensing system is compensated by an excellent sensitivity of the system, with linear 
concentration dependence (compared with a logarithmic relationship in potentiometric 
systems), and low interferences from matrix components, can be obtained by altering the 
electrode potential independently of the sample buffer capacity, making the system well 
suited for immunochemical sensing. Finally, this system has been applied for the 
simultaneous analysis of several analytes/samples using only one device via a 
multichannel immunosensor [36]. 
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1.4.3. Other types of electrochemical immunosensors 
The concepts of impedance, conductance, capacitance, and resistance are inter-related 
[37]. Impedance immunosensors measure the changes of an electrical field. These 
changes could be overall electrical conductivity of the solution and/or capacity alteration 
due to an Ab–Ag interaction on the electrode surface. Conductimetric immunosensor 
transducers measure the change of the electrical conductivity in a solution at constant 
voltage, caused by biochemical (enzymatic) reactions which specifically generate or 
consume ions. For example, when urea is converted to ammonium cations by the enzyme 
urease which can also be used as an enzyme label [38], the increase in solution 
conductance measured is proportional to urea concentration [39]. Variations in ionic 
strength and buffer capacity of measured samples have caused problems [40] with this 
type of biosensor in the past, but these drawbacks have been overcome with more recent 
designs [41], by using an ion-channel conductance immunosensor, mimicking biological 
sensory functions [42], in which the conductance of a population of molecular ion 
channels, built of tethered gramicidin A and aligned across a lipid bilayer membrane, is 
changed by the antibody–antigen binding event. In another reported approach the 
measurement of changes of the surface conductivity. Yagiuda et al. [43] developed a 
conductometric immunosensor for the determination of methamphetamine (MA) in urine. 
Anti-MA antibodies were immobilized onto the surface of a pair of platinum electrodes. 
The immunocomplex formation caused a decrease in the conductivity between the 
electrodes. In an alternate approach, reported, the changes in the effective dielectric 
thickness of an insulating layer, with antibodies linked to an alkylthiol layer, during 
antigen binding,. where a marked decrease of the electrical capacitance is observed and is 
used to quantify the analyte, such as the determination of albumin by Mirsky et al. [44]. 
Conductimetric sensors may however have problems with non-specificity of 
measurements, as the resistance of a solution is determined by the migration of all ions 
present. 
Electrochemical impedance spectroscopy (EIS) is a sensitive technique, which detects 
the electrical response of the system after application of a periodic small amplitude AC 
signal. Impedance spectroscopy allows the detection of capacitance changes at the 
interfaces that originate from biorecognition events. These capacitance changes can be 
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derived from the imaginary part, Zim, of the complex impedance spectra. Formation of 
antigen-antibody complexes on conductive supports yields a chemically modified film on 
the surface that alters the impedance features of the  interface, and perturbs the double-
charged layer existing at the electrode/electrolyte interface resulting in the increase of its 
thickness, and the insulation of the electrode surface in respect to redox labels added to 
the solution. This results in the capacitance change and electron transfer resistance 
change at the interface, respectively [45]. 
In recent years, the electrochemical impedance immunosensors have attracted 
extensive interest in the sensing formation of Ag–Ab [46-49]. EIS in connection with 
immunochemical methods was tested for the direct determination of the herbicide 2,4-D 
[50,51].  
Non-Faradaic impedance spectroscopy in the absence of a redox probe was applied to 
follow the biorecognition events at functionalized electrode surfaces [52]. Impedimetric 
techniques are also used as a characterization method for most of the enzyme-based 
impedimetric biosensors. A biosensor for collagenase detection was developed, which 
detected the change in impedance caused by the proteolytic digestion of gelatin-coated 
interdigitated gold electrodes [53]. 
Affinity-binding based impedimetric biosensors are attracting increasing interest, 
since they are direct and label-free electrochemical immunosensors and have many 
potential advantages with respect to speed, the use of unskilled analysts and the potential 
development of multi-analyte sensors. In recent years, many novel designs of affinity-
binding-based impedimetric biosensors have been reported. 
Protein multilayer films were also investigated by impedance spectroscopy in the 
presence of a redox probe. The multilayer film was composed of avidin and biotin-
labeled antibody (bio-Ab) on a gold surface, which was prepared by layer-by-layer 
assembly technology. A significant difference in the impedance spectra was observed 
upon the stepwise formation of the multi-layers [54]. 
Impedance spectroscopy was used to characterize the structure of biomaterial layers 
on the gate surface of ISFET devices, and to elucidate antigen-antibody binding 
interactions on the gate interface. The ability to characterize the thickness of layered 
protein assemblies on the gate interface of ISFET devices by means of impedance 
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spectroscopy not only provided a method for the structural characterization of the 
systems, but also yielded an analytical method to probe and sense bio-recognition events 
that occurred on the gate surface of the ISFET [55]. 
1.5. Surface Engineering of Biosensors 
The development of an immunosensor requires immobilization of antibody (or in 
some cases antigen) on the transducer surface. Many studies have compared methods of 
antibody attachment to biosensor surfaces including physicochemical adsorption and 
covalent attachment [56,57]. The disadvantage of physicochemical adsorption biosensors 
is that the binding of sensor surfaces and antibodies is not strong enough, and, 
subsequently, the sensitivity of the biosensors will continuously decrease due to loss of 
biocomponent from the surface. Moreover, the antibody will not be oriented and this 
leads to both poor reproducibility and non-optimal detection limits. To improve the 
uniformity and reproducibility of immobilised antibodies, chemical crosslinking has been 
used for the covalent immobilisation of proteins onto different solid substrate surfaces 
using defined linkages such as glutaraldehyde, carbodiimide, and other reagents such as 
succinimide esters, maleiimides, and periodate [58,59]. However, linkage strategies that 
selectively form covalent bonds with the lysine residues randomly present in the 
antibodies, give rise to a random orientation of the receptor molecules immobilised on the 
sensor surface [59,60]. Therefore, the antibodies will be partially oriented with their 
antigen binding site towards the sensor surface and thus will not all be accessible for 
antigen binding, and also may lead to loss of the biological activity of the antibody [61]. 
 
1.5.1. Self assembled monolayer strategy.  
Gold electrodes are very useful for electrochemical immunosensors as they are 
chemically inert and have a prolonged double-layer potential region in aqueous solutions 
[62] and the oriented immobilization of antibodies onto the gold is critical for a rational 
design of immunosensors. The well established strategy of formation of a self-assembled 
monolayer for immobilization of biomolecules onto gold surfaces are based on the strong 
attachment of thiol (SH) or disulfide (-S-S-) functional groups to Au (Figure 1).  
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Figure 1. Immunosensor construction based on self-assembled monolayers of thiols on 
gold. 
 
Alkanethiol SAMs are most commonly used to covalently immobilize a 
biorecognition molecule (typically an enzyme, antibody or nucleic acid sequence) onto 
the surface of the transducer since they offer the possibility of controlling the orientation, 
distribution and spacing of the sensing element while reducing non-specific interactions 
[63]. However, whilst long chain SAMs are very stable and effective in 
reducing/eliminating non-specific binding [64,65] they have limited applicability in 
electrochemical biosensors since they show a low permeability to electron transfer, with a 
blocking of the electrochemical response. This disadvantage could be circumvented with 
the use of alkanethiol mixtures having different chain lengths but the low biomolecule 
immobilisation capacity of these surfaces negatively influences the performance of the 
sensor [66].  
Carboxylic acid terminated SAMs are a popular way of incorporating a 
biorecognition molecule to the transducer surface. These SAMs can be activated via 
carbodiimide chemistry and react with amino groups of the biomolecule, generating a 
robust surface able to operate in a wide range of samples [67]. Another strategy has been 
developed for glycoprotein immobilization, based on the targeted functionalization of 
carbohydrate residues with disulfide “anchors” which able to be spontaneously 
chemisorbed onto gold without prefunctionalization of Au surface [68]. The specificity of 
the chemical reaction, for disulfide introduction, toward carbohydrate moieties prevents 
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any cross-reaction with other functional groups present in the protein structure [68]. 
However, as previously mentioned, amino groups are usually randomly located in the 
biomolecule, the recognition sites are thus arbitrarily orientated over the surface, which 
can hinder biosensor sensitivity. The opposite arrangement using amino-terminated 
SAMs requires pre-activation of the carboxylic acid groups of the antibody. In this step, 
intermolecular crosslinking reactions can take place between the activated carboxylates 
and antibody amino groups resulting in the formation of polymeric materials of 
uncontrolled composition. Our group has recently described the use of SAMs of 
dithiolated scaffolds derived from 3,5-dihydroxybenzyl alcohol for the construction of an 
impedimetric immunosensor for the detection of a cancer marker protein [69]. These 
molecules contain two identical alkylthiol substituents attached to a phenyl ring through 
phenolate bridges that provide two attachment points on the metallic surface, similar to 
thioctic acid, but having the potential of far-enhanced stability. This bipodal alkanethiol 
also contains a polyethylene glycol moiety, useful for the preventing of non-specific 
adsorption of proteic substances. It can be anticipated that these molecules will generate 
more stable SAMs than monothiols due to a multivalent mechanism of interaction and 
also provide a more adequate spacing of an immobilised biomolecule thus allowing an 
improved mobility and flexibility at the recognition terminus [70]. This structure, with a 
dithiol anchor and a single tail, should have less insulating properties than alkanethiol 
SAMs and therefore are expected to be permeable to electron transfer, making these 
molecules attractive candidates for the construction of electrochemical biosensors [71].  
This problem of orientation is critical as immunosensor sensitivity is strongly 
dependent on the density of the free active epitopes immobilised per surface area. As an 
alternative to use alkanethiol SAMS, followed by cross-linking, the use of smaller and 
well-oriented antibody fragments, such as Fab fragments, which contain a thiol group that 
would orientate the fragment to have the antigen binding site exposed, as bioreceptor 
molecules should facilitate lower detection limits due to this improved orientation, as 
well as the increased number of active binding sites available. 
 Fab fragments can be directly generated using thiol proteases such as papain or ficin, 
or, alternatively, F(ab’)2 fragments can be generated using bromelain, pepsin, or ficin, 
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and the disulphide hinge subsequently cleaved using a reducing agent, generating Fab 
fragments[72,73]. Pepsin is not applicable to all antibody types (e.g. it cannot be used for 
mouse IgG1 subclasses) and the low pH required for pepsin digestion can destroy 
antibodies.[74] Bromelain or ficin provide significantly higher yields than pepsin[75], 
and with more rapid and reproducible digestion[76] . The F(ab’)2 fragments are dimeric 
structures of two Fab units linked together by a disulfide bridge that can be cleaved 
generating two Fab fragments with active thiol groups, which are located on the opposite 
side of the molecule with respect to the binding site [77]. These thiol groups can interact 
with gold surfaces leading to a monolayer of Fab fragments displaying a highly 
controlled orientation that is expected to maximize their antigen-binding efficiency with a 
concomitant increase in sensitivity and selectivity [78,79] when compared to randomly 
immobilized whole antibodies[66]. The density of the immobilized Fab depends on the 
distribution ratio of the SH or SS on the applied modified surface [66,80]. 
Several strategies have been used to immobilize antibody Fab fragments on different 
substrate surfaces for application in immunosensing. As outlined, it is preferable that 
antibody fragments be immobilized with highly controlled orientation so as to maximize 
their antigen-binding efficiency and attain ultimate sensitivity and selectivity of 
immunoassay [78,79]. In one report, where the authors crosslink Fab fragments to a 
mixed SAM, not even taking advantage of an increased density of binding sites, but 
simply due to an improved orientation, there is a >2-fold increase of the antigen binding 
signals compared to randomly covalently immobilised full-length antibodies [66]. Lu et. 
al, has also demonstrated that the antigen binding activity of Fab fragments immobilized 
in oriented form on derivatized silica surfaces is 2.7 times higher than the random form 
[78].  
Lu et. al, have demonstrated that the antigen binding activity of the Fab fragments 
immobilized in oriented form on derivatized silica surfaces is 2.7 times higher than that 
of the random form[78]. Vikholm-Lundin[81] reported on a generic platform where the 
spaces in between chemisorbed Fab fragments is filled with the disulfide bearing polymer 
of N-[tris(hydroxyl-methyl)methyl]-acrylamide, resulting in a marked decrease in non-
specific binding. The same group went on to apply the developed platform to the 
detection of C-reactive protein, comparing F(ab’)2 and Fab immunocapture layers, with a 
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five-fold improvement in specific binding observed with the Fab monolayer [82]. The 
self assembly of Fab onto a gold surface, followed by surface plasmon resonance 
transduction was applied to the detection of insulin [83], with another report detailing the 
detection of differentiated leukocyte antigens for immunophenotyping of acute leukaemia 
via the direct adsorption of Fab fragments onto gold nano-particles with piezoelectric 
transduction [84]. In last two examples, the authors did not compare their approach with a 
full length antibody strategy.  
In some cases, the use of F(ab’)2 fragments has resulted in lower detection limits as 
compared to whole antibodies [85]. There have also been reports of the exploitation of 
Fab fragments, but without taking direct advantage of the ordered monolayer that can be 
formed via the direct chemisorption of the thiolated Fab onto a gold surface, but rather 
focusing on antibody orientation as a means of increasing sensitivity. Examples of this 
are the immobilization of biotinylated anti-atrazine Fab on neutravidin modified gold 
electrodes [51,86] for the detection of atrazine, and monobiotinylated Fab against human 
chorionic gonadotropin and using surface plasmon fluorescence measurements, the 
biotin-Fab achieved a detection limit of 6 x 10-13 M as compared to 4 x 10-12 M when 
biotinylated whole antibody was used [87]. Additionally, exchange reactions between 
disulfide-terminated SAMs and thiolated Fab fragments have also been employed to 
generate sensor surfaces with well oriented Fab fragments [66,78-80]. However, the 
preferred method for Fab immobilization is the spontaneous adsorption of Fab motifs on 
gold, giving rise to surfaces of higher epitope density, high antigen-binding constants and 
operational stability or adhesion [88-90]. 
 
1.5.2. Surface modification via the electrochemical reduction of diazonium salts. 
Diazonium salts (R-N≡N+ X-) are a class of organic compounds prepared by the 
treatment of aromatic amines with sodium nitrite in the presence of a mineral acid. 
Grafting and electrografting of diazonium salts on carbon (including nanotubes and 
diamond), metals, and metal oxides as well as hydrogenated silicon provide an easy and 
efficient way to covalently modify the surface of these materials.  
In 1992, Pinson and his coworkers investigated the modification of carbon surfaces 
based on electrochemical reduction of diazonium salts (4-nitropheny1)diazonium 
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tetrafluoroborate in acetonitrile), which leads to a strong covalent binding of the 4-
nitrophenyl group on the carbon surface rather than mere adsorption (Figure 2).  
M & C electrodes  
 
Figure 2. Mechanism of diazonium salt electrografting on metal and carbon surfaces.  
 
The versatility of the method is based on the possibility of grafting a large variety of 
functionalized aryl groups, hence allowing the attachment of a broad spectrum of 
substances [91]. Pinson et al. have assigned the covalent attachment of the aryl groups to 
the binding of the aryl radical produced upon one-electron reduction of the diazonium 
salt to the carbon surface. Two factors favour such a reaction: (i) the diazonium salt is 
adsorbed prior to its reduction, and (ii) the aryl radical is not reduced at the very positive 
reduction potential of the diazonium salt [91]. The reduction mechanism of the 
diazonium cation has been studied, the electron transfer concerted with the cleavage of 
the C-N bond furnishes the aryl radical; this radical undergoes two competitive reactions: 
reduction at the electrode and H-atom transfer [92]. The surface coverage can be 
controlled through diazonium concentration and electrolysis duration [93,94]. 
Mechanistic investigations have shown that the electrochemical reduction process 
increases the adherence between the carbon surfaces and the matrix [95]. In 2005, 
Belanger and Baranton studied the derivatization of a glassy carbon electrode surface via 
electrochemical reduction of in situ generated diazonium cations. This deposition 
method, which involves simple reagents and does not require the isolation and 
purification of the diazonium salt, enabled the grafting of covalently bound layers which 
exhibited properties very similar to those of layers obtained by the classical derivatization 
method involving isolated diazonium salt dissolved in acetonitrile or aqueous acid 
solution [96]. 
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The formation of maleimide-functionalized surfaces using maleimide-activated aryl 
diazonium salts have been studied via the electrodeposition of N-(4-
diazophenyl)maleimide tetrafluoroborate on gold electrodes, the electrodeposition 
conditions were used to control film thickness and yielded submonolayer-to-multilayer 
grafting [97]. The structure and properties of thin organic films electrografted to 
conducting surfaces by this method are not well understood. Electrochemistry and contact 
angle measurements have been used to characterize multilayer carboxyphenyl and 
methylphenyl films grafted to Au surfaces. The charge associated with Au oxide 
reduction was used to estimate the upper limit for surface concentration of modifiers 
directly attached to the surface after careful preparation of the Au surface prior to and 
after grafting [98]. 
 
1.5.2.1. Biosensors based on diazonium deposition. 
The covalent attachment of biosensing moieties onto electrodes surfaces via the 
electrochemical reduction of diazonium salts has a great importance in biosensing and 
analytical applications. This can be achieved by two main routes (Figure 3):  
- The transducer surface is previously modified with functionalized aryl groups 
by electrografting of the corresponding diazonium salts followed by 
biomolecule incorporation with the formation of a covalent bond. 
- Biomolecule-diazonium salt conjugates are first prepared and isolated, followed 
by electrografting on the transducer surface.  
The first technique has been used for covalent immobilization of glucose oxidase onto 
electrically conductive ultrananocrystalline diamond (UNCD) thin films. For this 
aminophenyl functional groups were previously grafted to UNCD surface by 
electrochemical reduction of an aryl diazonium salt [99], and onto GCE using different 
linkers such as cinnamic acid [100], cross-linked hydrogel [101], and a mixed monolayer 
of 4-carboxyphenyl and a 20 Å oligo(phenylethynyl) molecular wire [102].  
The immobilization of biomolecules such as glucose oxidase onto 4-phenylacetic 
modified GCE through electrochemical reduction of the corresponding diazonium salt 
[103], DNA onto 4-nitrobenzene modified Si (100) [104], alkaline phosphatase [105], 
and horseradish peroxidase [106], have been demonstrated. Diazonium chemistry has 
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also been shown to be suitable for the electrically addressable biomolecular 
functionalization of single-walled carbon nanotubes, in which nitro groups on specific 
nanostructures are reduced to amino groups and then used to covalently link DNA to 
vertically aligned carbon fiber electrodes, and was used for DNA detection [107]. 
 
 
Figure 3. Strategies for immunosensor construction based on diazonium salts: a) covalent 
attachment of antibodies on diazonium functionalized surfaces; b) direct electrografting 
of antibody-diazonium conjugates.   
 
The direct electrically addressable deposition of diazonium-modified antibodies has 
been demonstrated for immunosensing applications, in which the immobilized antibodies 
can be detected by the use of electroactive enzyme tags and gold-nanoparticle labeling, 
where chemiluminescence was used as the transduction method, and electrochemistry for 
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biopatterning. The individually and selectively addressed closely spaced microelectrodes 
for multi-target protein detection in an array format has been reported [108]. Recently, 
Marquette and coworkers introduced a technique for the direct and electroaddressable 
immobilization of proteins onto screen-printed graphite electrode microarrays via 
coupling 4-carboxymethylaniline to antibodies followed by diazotation of the aniline 
derivative to form an aryl diazonium functional group, the immuno-biochip has been 
used for the specific detection of anti-rabbit IgG antibodies [109]. Selective 
immobilization of rabbit and human immunoglobulins onto screen-printed graphite 
electrodes was demonstrated using chemiluminescence. The electroactive enzyme 
horseradish peroxidase (HRP) can also be modified with 4-carboxybenzenediazonium for 
addressable electrodeposition onto glassy carbon electrodes [110].  
The deposition of diazonium functionalised horseradish peroxidase facilitates direct 
electron transfer between the enzyme and electrode, the modified electrode showed high 
non-mediated catalytic activity toward H2O2 reduction [110]. McNeil’s group has 
developed different biosensors based on the direct deposition of enzymes such as HRP 
[111] for biotin detection via competitive binding of biotin and biotinylated glucose 
oxidase. Hydrogen peroxide was generated upon addition of glucose. Direct electron 
transfer between the electrodes and HRP is related to H2O2. The immunosensor showed 
greatest sensitivity over the range of biotin concentrations 0.07 to 2 µg ml−1 in the 
presence of 10 µg µg ml−1 excess of biotinylated glucose oxidase in the bulk solution 
[111]. With using cytochrome c covalently immobilised at N-acetyl cysteine modified 
gold electrode, the electron transfer rate constant (ket) of enzymatic and cellular 
production of the superoxide anion radical was 3.4 ± 1.2 s−1 [112,113], while with using 
HRP, current sensitivity for peroxide was 637 nA µM−1 cm−2 , with heterogeneous rate 
constant (k′ME) of 5.3 × 10−3 cm s−1 [112]. The attachment of hemoglobin and 
cytochrome c onto functionalized GCE with 4-carboxyphenyl diazonium groups have 
been also applied for the amperometric detection of H2O2 at a fairly mild potential of 0 V 
without any mediators [114]. 
A proof of concept procedure for the electroaddressable covalent immobilization of 
DNA and protein on arrayed electrodes along with simultaneous detection of multiple 
targets in the same sample solution has been reported [115]. Carboxyphenyldiazonium 
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was selectively deposited onto five of nine individually addressable electrodes in an array 
via bias assisted assembly. Amine functionalized DNA probes were covalently coupled to 
the carboxyl surface via carbodiimide chemistry. This was followed by the covalent 
immobilization of diazonium-antibody conjugates into the remaining four electrodes via 
cyclic voltammetry. Simultaneous electrochemical detection of a DNA sequence related 
to the breast cancer BRCA1 gene and the human cytokine protein interleukin-12, which 
is a substantial component in the immune system response and attack of tumor cells has 
been investigated [115]. Another example of DNA-sensing platforms were prepared by 
covalently attaching oligonucleotide capture probes onto p-aminophenyl-functionalized 
carbon surfaces and applied to the determination of an amplified herpes virus DNA 
sequence in an electrochemical hybridization assay [105]. 
 
1.5.3. Comparison between thiol and diazonium based strategies. 
The attractiveness of Au-thiol chemistry is that well ordered and densely-packed 
monolayers can be easily formed, with a reasonably strong bond formed between the 
immobilized molecule and the electrode, and furthermore, a diverse range of molecules 
can be synthesized with a vast number of functional groups to modify the electrode 
surface [116-118]. One of the disadvantages of the Au-thiol system is that alkanethiols 
can be oxidatively or reductively desorbed at potentials typically outside the window 
defined by -800 to +800 mV versus Ag/AgCl [119], as well as the fact that alkanethiols 
are desorbed at temperatures over 100 ºC [120,121]. Additionally, as gold is a highly 
mobile surface, this results in monolayers moving across the electrode surface. 
Furthermore, the Au-thiolate bond is prone to UV photooxidation [122] and the Au/thiol 
junction creating large tunneling barrier (≈ 2 eV) which affects on the rate of electron 
transfer from the organic monolayer to the electrode [123]. Furthermore, the formation of 
a stable alkanethiol based SAM can require between 3 and 120 hours to allow 
organisation into an energetically favourable monolayer [71]. SAM are prone to 
displacement by other thiols [124].  
As shown above, the electrochemical reduction of aryl diazonium salts is one possible 
alternative which has recently been reported as a method for the covalent derivatization 
of carbon or gold electrodes, forming a covalent bond which is strong, stable over both 
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time and temperature, non-polar and conjugated [119]. The irreversible interaction 
between diazonium derived aryl films and carbon has also led to the application of this 
method to other materials such as metals [125] and semiconductors [126].  
The advantages of the diazonium reduction approach as compared to alkanethiol self-
assembled monolayers include a highly stable surface over time and over a wide potential 
window, ease of preparation, and the ability to synthesize diazonium salts with a wide 
range of functional groups [93,127]. In addition, the ability to create a diazonium-
modified surface by the application of a potential bias allows the selective 
functionalization of closely spaced microelectrode surfaces. While the use of carbon 
surfaces have dominated the majority of studies relating to the electrodeposition of aryl 
diazonium salts, Au surfaces have also been shown to be suitable for diazonium grafting 
[125,128]. The selective functionalization of Au electrodes with control over surface 
functional group density and electron transfer kinetics employing diazonium chemistry 
has been reported [129]. In contrast to the more common thiol–Au chemistry, diazonium 
modification on Au surfaces yields increased stability with respect to long-term storage in 
air, potential cycling under acidic conditions, and a wider potential window for 
subsequent electrochemistry [130], which has been proved by the calculated bonding 
energy; 24, 70, and 105 kcal/mol on Au, Si, and carbon, respectively [131,132]. The 
reductive deposition of aryl diazonium salts onto gold electrodes is superior for 
electrochemical sensors than either alkanethiol modified gold electrodes or aryl 
diazonium salt modified GC electrodes [130].  
Some obvious advantages of the use of diazonium-functionalized antibodies and the 
electrically addressable deposition procedure are simplicity, fewer reagents and 
preparation steps; a strong covalent bond between antibody and electrode; the ability to 
selectively coat and control deposition onto electrode platforms and finally, a reduced 
number of chemical reactions on a surface relative to attaching a protein to a surface that 
has been diazonium-functionalized. The use of diazonium modification also allows for 
attachment to a variety of substrates including conducting and semiconducting substrates 
as well as carbon nanotubes [108]. The main disadvantage for diazonium approach is the 
multilayer formation [133-135]. Combellas et al, has prevented the layer from growing 
by hindering different positions of the diazonium ions [136] while Harper et al. exploited 
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the disadvantages of multilayer formation to immobilize two diverse molecules on a 
single gold electrode via consecutive electrodeposition of nitrophenyl and phenylboronic 
acid pinacol ester diazonium salts to form a thin film with dual binding functionality 
[137].  
 
1.6. Washless/separation free biosensors 
In most immunosensors using direct, or indirect approaches with labeled antibodies, 
the analyte detection consists of three steps; the first step is the addition of the analyte to 
a electrode biofunctionalised with anchored capture antibody, the second is the 
incubation with a labeled antibody and the final step is the addition of the substrate which 
is converted by the enzyme label to an electrochemically oxidisable/reducible product. In 
this format, several washing steps are necessary after each of the first two steps to remove 
non-specifically bounded molecules to the immunosensor surface [138,139].  
It is desirable to eliminate the need for washing, as this would not only simplify 
the immunosensor use, but would also decrease the time required for measurement, as 
well as eliminating possible operator errors and sources of irreproducibility and 
erroneous results. To overcome the requirement for addition of substrate, this substrate 
could be co-immobilised with the immobilized capture antibody. 
There are some research groups that have been investigated the construction of 
washless immunosensors. Ho et al. reported on a non-separation washless thick-film 
immunosensor using screen printed electrodes with immobilized capture antibodies and 
horseradish peroxidase (HRP) as an indicator enzyme. Only H2O2 generated near the 
electrode surface was detected and catalase was added to destroy the excess of H2O2 in 
the bulk to prevent interference generated by unbound labelled antibodies [140]. In 1998, 
the same group developed another separation-free washless electrochemical 
immunosensor for the detection of the pesticide atrazine via a competitive immunoassay 
using disposable screen printed horseradish peroxidase modified electrodes as a detecting 
element in conjunction with atrazine immuno-membranes. The assay is based on 
competition for available binding sites between free atrazine and an atrazine–glucose 
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oxidase conjugate. In the presence of glucose, H2O2 formed by the conjugate was reduced 
by enzyme-channelling via the HRP electrode [14].  
Heller’s group has developed a separationless washless amperometric 
immunosensor, in which the electrodes were not washed after their incubation with a 
biotinylated antibody or after any other step. The platform of the sensor is an electron-
conducting redox hydrogel in which avidin and choline oxidase are co-immobilized, the 
hydrogel is immobilized on a vitreous carbon electrode. In this immunosensor, the H2O2 
substrate of the immunolabeling enzyme is generated in the coating of an electrode and is 
not significantly decomposed by added catalase [141].  
A separation free immunosensor has been developed via the covalent 
immobilization of the capture monoclonal antibody on the gold-coated microporous 
nylon membranes via a self-assembled monolayer of thioctic acid [142]. In the separation 
free sandwich assay, both model analyte protein and alkaline phosphatase labelled 
antibody are incubated simultaneously with the immobilized capture antibody. The 
enzyme substrate (4-aminophenyl phosphate) was introduced through the back side of the 
porous membrane, where it first encounters bound ALP-Ab at the gold surface, the 
enzymatically generated product, aminophenol, is detected immediately by oxidation at 
the gold electrode [142], and by careful optimisation of the time at which measurement is 
taken, the response due to enzyme label in the bulk solution can be separated from the 
local electrode response. 
An amperometric immunosensor was developed by Lu et al [143] based on a non-
diffusional redox polymer co-immobilised with anti-HRP antibody onto the sensing 
surface, used for transferring electrons between the electrode surface and HRP antigen 
bound to the anti-HRP antibody. The sensor showed LOD for HRP of 0.01 pg ml-1, which 
is one order of magnitude lower than that obtained with ELISA [143]. 
Another type of separation-free channelling immunosensor has been developed 
from a disposable, polymer-modified, carbon electrode on which enzyme is co-
immobilized with a specific antibody that binds the corresponding antigen. Another 
enzyme conjugate is introduced in the bulk solution, and the immunological reaction 
brings the two enzymes into close proximity at the electrode surface, and the signal is 
amplified through enzyme channeling. The localization of both enzymes on the electrode 
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surface limits the enzymatic reactions to the polymer/membrane/electrode interface 
[144]. 
Additionally, an amperometric immunosensor for creatinine detection has been 
developed using anti-creatinine antibodies, redox-labeled creatinine and a glassy carbon 
electrode covered with a semipermeable cellulose membrane. Creatinine from the sample 
competes with redox-labeled creatinine for the antigen binding sites of the antibody. 
Unbound conjugate passes through the membrane and is indicated at the electrode 
whereas antibody bound conjugate is size excluded [145]. The same phenomena has been 
used for the construction of enzyme biosensor in which amino acid oxidase was 
immobilized with glutaraldehyde and polyethylenimine on a working electrode made of 
rodinised carbon, and a protease was immobilized on an immunodyne membrane and was 
placed on the electrode. In the presence of protein sample, amino acids is liberated in the 
presence of the protease, and in turn the hydrogen peroxide produced by the immobilized 
amino acid oxidase was detected [146]. 
1.7. Reagentless biosensors 
The vast majority electrochemical immunosensors rely on a reporter label linked 
to either antigen or antibody, which necessitates the addition of substrate following 
immunocomplex formation, thus taking away from the advantages of biosensors, where it 
is desirable that the only required end-user intervention be the addition of sample. One 
approach for reagentless detection, one of the more stringent in biosensor development 
relies on an unimolecular sensing format in which the meadiator is connected to the 
electrode surface through a stable chemical bond [147-149]. This not only simplifies the 
immunsensor procedure, accelerates the electrode response and decreases the analytical 
time but also increases the reproducibility and minimizes leaching of molecules in 
microsystem packaged biosensors [150,151]. 
Further examples of reagentless immunosensors have been constructed via several 
strategies. One of these strategies is based on the direct oxidation of HRP via 
measurement of the electron transfer between labelled HRP and the electrode surface 
[152]. In 2003, Dai and coworkers proposed a strategy for a reagentless and mediatorless 
immunosensor for the detection of carcinoma antigen-125 (CA125) by detecting the 
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direct electrochemical signal of HRP labeled to immunoreagent [153]. Wu et al. 
developed a screen-printed reagentless immunosensor array, via immobilisation of gold 
nanoparticles linked to horseradish peroxidase labeled antibodies modified in 
biopolymer/sol-gel modified electrodes to obtain direct electrochemical responses of 
HRP using DPV. Upon the formation of immunocomplexes, the DPV responses 
decreased due to increasing spatial blocking and impedance (Scheme 1) [154], and has 
been applied to the fabrication of a reagentless immunosensor array by individually 
embedding 4 different HRP labeled antibody-modified gold nanoparticles in a designed 
biopolymer/sol-gel matrix formed on screen-printed carbon electrodes [155].  
    
 
Scheme 1. Schematic representation of ECIA and the electrochemical multiplexed 
immunoassay with an electric field-driven incubation process. (a) Nylon sheet, (b) silver 
ink, (c) graphite auxiliary electrode, (d) Ag/AgCl reference electrode, (e) graphite 
working electrode, and (f) insulating dielectric [154].  
 
In a similar approach, Dan and co-workers reported a reagentless immunosensor 
for the determination of the carbohydrate antigen 19-9 (CA19-9) in human serum based 
on the immobilization of antibody in colloidal gold nanoparticle modified carbon paste 
electrode, and the direct electrochemistry of HRP labeled to a CA19-9 antibody, resulted 
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in significant peak current decrease of HRP, after the formation of antigen–antibody 
complex, due to blocking of electron transfer of HRP toward electrode [156]. Chorionic 
gonadotrophin (HCG) antigen has also been determined using a reagentless 
immunosensor, based on the direct electron transfer of the HRP of horseradish 
peroxidase-labeled human chorionic gonadotrophin antibody (HRP-anti-HCG) 
encapsulated in a titania sol–gel thin film [151,157], and in three-dimensional ordered 
nanoporous organically modified silicate (ormosil sol-gel) material [158,159]. Upon the 
formation of immunocomplex the direct electron transfer signal of the immobilized HRP 
was decreased due to the increasing spatial blocking and dielectric constant of the 
microenvironment around HRP molecules. A reagentless immunosensor for 
determination of α-1-fetoprotein (AFP) in human serum has also been developed, via 
immobilization of α-1-fetoprotein antibody (AFP Ab) onto the glassy carbon electrode 
modified by gold nanowires (Au NWs) and ZnO nanorods (ZnO NRs) composite film. A 
sandwich immunocomplex format was employed to detect AFP with horseradish 
peroxidase (HRP)-labeled AFP as tracer and hydrogen peroxide as enzyme substrate. The 
determination of AFP was established by chronoamperometry to record the reduction 
current response of H2O2 catalysed HRP by means of the direct electron-transfer of Au 
NWs between HRP and electrode without addition of mediators or non immunoreagents 
[160].  
An alternative approach to direct electron transfer from HRP enzyme labels, is 
based on the entrapping of the redox mediator into Nafion film, such as entrapping of 
3,3´,5,5´-tetramethylbenzidine into Nafion film modified glassy carbon electrode for the 
detection of mouse IgG antigen [161]. Thionine (Thi) into Nafion (Nf) is also entrapped 
to form a composite Thi/Nf membrane, which yields an interface containing amine 
groups to assemble gold nanoparticles layer for immobilization of α-1-fetoprotein 
antibody (anti-AFP) and the specific binding of anti-AFP to AFP in serum has been 
directly detected by the decrease in the current response [162]. The redox mediator could 
also be directly immobilized on the electrode surface, such as deposition of Prussian blue 
PB on bare platinum electrode, which forms a negatively charged surface to immobilize 
positively charged TiO2 nanoparticles, and consequently immobilize nano-Au. The 
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deposited nano-Au layer was used to immobilize a higher amount of alpha-fetoprotein 
antibody which easily detect alpha-fetoprotein (Scheme 2) [163].  
 
 
Scheme 2 Example of reagentless biosensor based on nanoparticle deposition [163]. 
 
Liu and coworkers recently reported a reagentless amperometric immunosensor 
for the determination of carcinoembryonic antigen (CEA) by employing a novel organic–
inorganic composite film coupled with gold nanoparticles. Prussian blue was deposited 
on GCE and then a porous organic material synthesized with 3,4,9,10-
perylenetetracarboxylicdianhydride (PTCDA) and ethanediamine was coated on the 
surface of Prussian blue film, followed by the immobilization of nano-Au as a substrate 
for anti-CEA immobilization [164]. 
There is a series of reagentless biosensors based on redox polymers, in which a 
variety of nitrogen donor groups containing co-polymers entrapped with an enzyme 
(HRP) are used to coordinate with a ligand (Os-bis-N,N-(2,2′-bipyridil)-dichloride). The 
ligand exchange reaction assures an efficient electron-transfer pathway between the 
polymer-entrapped horseradish peroxidase and the electrode surface [165]. A water-
soluble Os-poly(vinyl-imidazole) redox hydrogel is deposited on a graphite electrode by 
drop-coating (i.e. manually) followed by the electrochemically-induced deposition of an 
enzyme-containing non-conducting polymer film. In the presence of quinohemoprotein 
alcohol dehydrogenase (QH-ADH), the polymer precipitation leads to an entrapment of 
the redox enzyme within the polymer film. Simultaneously, the water-soluble Os-
poly(vinyl-imidazole) redox hydrogel, which slowly dissolves from the electrode surface 
after addition of the electrolyte, is co-entrapped within the precipitating polymer layer. 
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This provides the pre-requisite for an efficient electron-transfer pathway from the redox 
enzyme via the polymer-bound redox centers to the electrode surface [166]. Another 
polymerization strategy based on oxidative electropolymerisation of dicarbazole 
derivative functionalised by a N-hydroxysuccinimide group in acetonitrile, leading to the 
formation of electroactive poly(dicarbazole) films on the electrode surface. The 
subsequent chemical functionalisation of the poly(dicarbazole) film was easily performed 
by successive immersions in aqueous enzyme and mediator solutions. The amperometric 
responses of the poly(dicarbazole) films grafted with polyphenol oxidase (PPO) and 
thionine showed sensitive response toward catechol detection [167]. Three types of 
glucose sensors were prepared by electrochemical deposition of glucose oxidase (GOD), 
[Os(bpy)2(PVP)10Cl]Cl (Os-polymer) (bpy = 2,2'-bipyridyl, PVP = poly(4-vinylpyridine)) 
within polyphenol (PPh) films on a platinum electrode. The enzyme and Os-polymer 
were entrapped in PPh films. The sensors has been applied for glucose detection [168]. 
Another reagentless glucose biosensor based on the codeposition of glucose oxidase 
enzyme with the redox polymer [Os(bpy)2(PVP)10Cl]Cl (bpy = bipyridyl, PVP = poly-4-
vinylpyridine) and glutaradehyde on the surface of a platinum electrode, and 
subsequently covered with an electropolymerized layer of pyrrole. The electron transfer 
from the reduced FADH2 group in the core of the enzyme to the electrode surface is 
facilitated via the redox polymer/polypyrrole system [169]. The main disadvantage 
attached to biosensors based on the redox polymer is the non-specific adsorption of 
different materials present in the same media due to the charge of the polymer which 
attract non-specific molecules. 
Reagentless fructose and alcohol biosensors have been developed with a versatile 
enzyme immobilisation technique mimicking natural interactions and the flexibility of 
living systems. The electrode architecture was built up on electrostatic interactions by the 
sequential layer-by-layer adsorption of a cationic redox polyelectrolyte 
(poly[(vinylpyridine)Os(bpy)2Cl]) and redox enzymes (fructose dehydrogenase, 
horseradish peroxidase (HRP) and a combination of HRP and alcohol oxidase). In this 
way, an efficient transformation of substrate fluxes into electrocatalytic currents was 
achieved due to the intimate contact of both catalytic unit and mediator. The sensitivities 
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obtained for each biosensor were 19.3, 58.1 and 10.6 mA M−1 cm−1 for fructose, H2O2 
and methanol, respectively [170]. 
 
1.8. Ultra-sensitive and substrate/enzymatic recycling based biosensors 
Signal amplification and noise reduction are crucial for obtaining low detection 
limits in biosensors. The need for ultrasensitive detection systems is exemplified in the 
case of certain proteins that signal the presence of various diseases. Most current protein 
detection methods only allow detection after protein levels reach critical threshold 
concentrations. At these concentrations the disease is often significantly advanced. More 
sensitive methods that allow for early detection of protein markers could potentially 
revolutionize physician treatment moving from purely therapeutic and aggressive 
strategies to prevention and disease monitoring, increasing quality of life and patient 
survival rates and reducing the high economic burden of the healthcare sector. 
 
1.8.1. Amplification via liposomes  
There are several strategies that have been applied for the construction of ultra-
sensitive biosensors. One of these strategies exploits the use of liposomes. Liposomes 
exhibit outstanding features such as easy preparation, high resistance to non-specific 
adsorption as well as being versatile carriers of various functional molecules with 
liposomes having a large internal volume and outer surface area where thousands of 
reporter molecules can be entrapped or immobilized and the release of reporter molecules  
is controllable [171-173]. Thus, the development of liposome-based immunosorbent 
assays has been studied for signal enhancement [174]. Zheng and coworkers developed a 
highly sensitive chemiluminescence immunosensor for the detection of prostate-specific 
antigen (PSA) based on amplification with the enzyme encapsulating liposomes. 
Horseradish peroxidase (HRP) encapsulated and antibody-modified liposome act as the 
carrier of a large number of markers and specific recognition label for the amplified 
detection of PSA. In the detection of PSA, the analyte was first bound to the specific 
capture antibody immobilized on the microwell plates, and then sandwiched by the 
antibody-modified liposomes encapsulating HRP. The encapsulated markers, HRP 
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molecules were released by the lysis of the specifically bound liposomes in the microwell 
with Triton X-100 solution and the concentration of the analyte PSA is determined via 
the chemiluminescence signal of HRP-catalyzed luminol/peroxide/enhancer system 
[175]. Furthermore, Chen and coworkers [176], developed an ultrasensitive 
chemiluminescence biosensor for the detection of cholera toxin, based on ganglioside-
functionalized supported lipid membrane as sensing surface and the HRP/GM1-
functionalized liposome as detection probe. The implementation of liposome-based 
detection probe allowed for an efficient incorporation of the GM1 receptor and covalent 
conjugation of multiple biocatalytic amplifier HRP through common phospholipid 
components. The application of enhanced chemiluminescence reaction in the detection of 
HRP-bearing liposome afforded signal amplification via effective immobilization of 
multiple biocatalytic amplifiers with LOD 0.8 pg mL-1 [176].  
 
1.8.2. Enzymatic Amplification  
An alternative approach strategy for signal amplification, based on enzymatic 
recycling, has recently been reported [177]. This immunosensor was used for detection of 
phycotoxins such as okadaic acid (OA), in which OA–ovalbumin (OA–OVA) conjugate 
was immobilised on screen-printed electrodes, then secondary antibodies labelled with 
alkaline phosphatase or horseradish peroxidase were used for signal generation. 
Electrochemical signal amplification was achieved using the enzyme diaphorase (DI) for 
recycling the signal arising from an ALP-labelled secondary antibody. Detection was 
based on the dephosphorylation of p-APP by ALP and the oxidation of the corresponding 
electroactive p-AP to p-iminoquinone (p-IQ) on the electrode surface, and the 
regeneration of p-IQ by DI, decreasing the LOD to 0.03 µg L−1 and enlarging the working 
range by two orders of magnitude [177]. ALP and DI (Scheme 3) was also used for signal 
amplification for microcystin detection and the amplification expanded the linear range 
by more than four orders of magnitude and decreased the limit of detection from 37.75 to 
0.05 µg/L [178].  
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 Scheme 3 Example of enzymatic substrate recycling for signal amplification [178]. 
 
A highly selective and sensitive amperometric system of trace amounts of glutamate 
has been reported, the system includes a microdialysis probe, immobilized enzyme 
reactor, and poly(1,2-diaminobenzene)-coated platinum electrode. The enzyme reactor 
prepared by the co-immobilization of glutamate oxidase and glutamate dehydrogenase 
were employed to enhance the sensitivity of glutamate as an on-line amplifier based on 
the substrate recycling. The -glutamate in the dialysate from the probe are recycled 
enzymatically during passage through the reactor in the presence of sufficient amounts of 
NADH and oxygen to produce a large amount of hydrogen peroxide, which is detected if 
selectively at a downstream poly(1,2-diaminobenzene)-coated platinum electrode. 
Glutamate is determined with a 160-fold increase in sensitivity (LOD 0.5×10−7 M) 
compared with the unamplified responses [179].  
A sensitive potentiometric enzyme electrode for lactate determination has been 
developed based on the bienzyme system lactate oxidase-peroxidase co-immobilized on 
the surface of carbonic material. Enzymatic oxidation of lactate results in the formation 
of hydrogen peroxide. The latter leads to a shift in the electrode potential due to 
mediatorless peroxidase catalysis of hydrogen peroxide electroreduction. For increasing 
the sensitivity, a recycling system containing additionally co-immobilized lactate 
dehydrogenase has been realized. In the presence of NADH, lactate dehydrogenase 
catalyses the reduction of pyruvate formed by lactate oxidation. In this way lactate 
oxidase and lactate dehydrogenase co-immobilized on the electrode surface form an 
enzyme recycling system, which has a higher sensitivity towards lactate. The detection 
limit of lactate is 100 nM [180]. 
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An amperometric flow-injection system with a glucose-6-phosphate 
dehydrogenase-lactate dehydrogenase-lactate oxidase co-immobilized reactor that gives 
responses amplified by substrate recycling was employed for the highly sensitive 
detection of NAD+ and NADH. Both NAD+ and NADH are recycled enzymatically 
during the passage through the reactor in the presence of sufficient glucose-6-phosphate 
and pyruvate in the carrier solution. As a result of this recycling reaction, a large amount 
of L-lactate is generated in the reactor and the L-lactate produced is subsequently 
converted back to pyruvate to produce a large amount of hydrogen peroxide by co-
immobilized lactate oxidase, which is detected amperometrically at a downstream 
platinum electrode. Both NAD+ and NADH are determined with a 400-fold increase in 
sensitivity compared with the unamplified responses. The detection limit is 0.1 pmol for 
both coenzymes [181]. 
 
1.8.3. Amplification via substrate recycling 
The sensitivity of enzyme electrodes can also be increased substantially by 
incorporation of a substrate recycling scheme. where the analyte is not only measured 
once but is reconverted to be measured again leading to an amplification of the 
transduction signal [182,183]. A substrate recycling assay for phenolic compounds was 
developed using tyrosinase, a copper-containing enzyme, in excess NADH. The reaction 
of various phenols with the enzyme produced an o-quinone, which was then detected by 
recycling between reactions with the enzyme and NADH. The recycling of quinones by 
excess NADH to their original reduced forms prevented the problems of subsequent 
quinone polymerization and product inactivation which occur in nonrecycling assays. 
Absorbance measurements of the NADH consumption rate enhanced the assay sensitivity 
for catechol 100-fold compared to nonrecycling o-quinone detection, giving a detection 
limit of 240 nM. Fluorescence NADH monitoring permitted a 10-fold improvement over 
absorbance, with a detection limit of 23 nM [184]. 
 
1.8.4. Other methods of amplification  
Another approach to achieve ultrasensitive detection is based on the potentiometric 
detection of enzyme labelled immuno-complexes formed at the surface of a polypyrrole 
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coated screen printed gold electrodes [185], or at negatively charged platinum electrode 
modified with colloidal nanosized gold and polyvinyl butyral (PVB sol-gel) [186]. 
Hepatitis B surface antibody (HBsAb) was immobilized onto the modified surfaces via 
self-assembly (SA) and opposite-charged adsorption (OCA) techniques. These types of 
potentiometric immunosensors have been applied to the determination of hepatitis B 
surface antigen (HBsAg). Detection is mediated by the immunoreaction that produces 
charged products, the shift in potential is measured at the sensor surface, caused by local 
changes in redox state, pH and/or ionic strength. The magnitude of the difference in 
potential is related to the concentration of the formed receptor-target complex. The 
immunosensor showed a fast potentiometric response (< 3 min) to HBsAg, with LOD 2.3 
ng mL-1 [186].  
The use of polymer based biosensors have been extensively used for signal 
amplification. The electrochemiluminescence behaviour of luminol and H2O2 system on a 
poly(diallyldimethyl ammonium chloride) (PDDA)–chitosan-modified glassy carbon 
electrode for the ultrasensitive detection of H2O2 was evaluated and the PDDA greatly 
enhanced the ECL intensity of luminol [187], resulting in improved sensitivity and 
detection limit. 
Tang and his coworkers developed an ultrasensitive immunosensor based on a 
carbon fiber microelectrode (CFME) covered with a well-ordered anti-CEA/protein 
A/nanogold architecture for the detection of carcinoembryonic antigen (CEA). The signal 
amplification strategy was based on the use of thionine (TH)-doped magnetic gold 
nanospheres as labels and horseradish peroxidase (HRP) as enhancer. The magnetic gold 
nanospheres amplified the surface coverage of HRP-bound anti-CEA, and the bound 
bionanospheres catalyze the reduction of H2O2 in the presence of the doped thionine, as a 
mediator, with amplified signal output, and the noise is reduced by employing the CFME 
electrode and the hydrophilic immunosensing layer [188]. A further example of an 
ultrasensitive immunosensor is based on the use of superparamagnetic nanoparticles and 
a “microscope” based on a high-transition temperature dc superconducting quantum 
interference device (SQUID) [189], in which a suspension of magnetic nanoparticles 
carrying antibodies is added to a mylar film containing targets. Pulses of magnetic field 
are applied parallel to the SQUID, during the application of magnetic field, the 
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nanoparticles develop a net magnetization. Unbound nanoparticles relax rapidly and 
contribute no measurable signal. Nanoparticles that are bound to the target are 
immobilized and undergo Néel relaxation, producing a slowly decaying magnetic flux 
detected by the SQUID [189]. 
 
1.9. Objectives of the thesis. 
Surface engineering relies on the modification of materials from the molecular scale 
with the aim of providing a biointerface of enhanced performance and improved physical 
and (bio)chemical properties. This is especially relevant for the construction of 
biosensors where the challenge is to rationally design and engineer the surface functional 
groups in order to control the communication between the device and its bioenvironment. 
The overall objective of the thesis is to contribute to the development of washless, 
reagentless, highly sensitive immunosensors exploiting surface immobilised substrate and 
target sensitive reporter encapsulating liposomes.  
The principle for a reagentless, washless and ultrasensitive immunosensor is depicted 
in Scheme 4, where the substrate (o-aminophenylphosphate, o-APP) is co-immobilized 
with capture antibodies. Target sensitive liposomes (TSL) linked to the secondary 
antibody and the sample containing the target to be detected are simultaneously added to 
the functionalised electrode. TSL are stable structures in solution even when linked to the 
target analyte. When the complete immunocomplex is formed with the immobilised 
capture antibody, TSL lose flexibility, becoming rigid, and spontaneously collapse, 
rapidly releasing its encapsulated contents [190]. No washing step is thus necessary as 
liposome-Ab or liposome-Ab-target are stable and it is only when the full 
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Scheme 4. Principle for a reagentless, washless and ultrasensitive immunosensor: a) 
target sensitive release of liposome contents; b) amplification reaction.  
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In a further amplification step, it is envisaged that the electrode surface contains a 
mixed layer of antibody and ALP substrate, with the liposomes encapsulating ALP as 
well as a mediator that can be used to recycle the surface using substrate recycling. After 
dephosphorylation of the substrate by ALP, the immobilized substrate film is transformed 
into o-aminophenol (o-AP) which could be used for the recycled catalytic oxidation of 
mediators such as hydrazine, NADH or ascorbic acid (Scheme 4b) This designed model 
could produce a double amplification of the reaction signals; first by using high amount 
of enzyme encapsulated into liposomes as compared with only one enzyme molecule 
attached per one antibody; the second amplification will be obtained from the recycling 
process of the electrocatalytic oxidation of ascorbic acid using the produced o-AP film by 
the first enzymatic reaction [177,191] . 
 
The thesis has the following specific objectives (Scheme 5): 
1. Study the electrochemical behaviour of different mediators which could be used in 
signal amplification and recycling process in the enzymatic reactions of ALP. 
2. Study the construction of a biosensor model based on SAM using different types of 
dithiols as a substrate (or linker) for protein attachment on Au surfaces. 
3. Study the construction of a biosensor model based on the direct attachment of 
proteins such as Fab and thiol-modified antibodies on Au surfaces. 
4. Study the construction of a biosensor model based on the attachment of the proteins 
through a linker on Au surfaces via the electrochemical reduction of their 
corresponding diazonium salts. 
5. Evaluate the analytical application of the studied models. 
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Scheme 5. Strategies for surface modification studied in this thesis. 
 
As previously explained, ALP is a specific enzyme routinely used for 
immunosensing. Numerous approaches have been reported for its sensitive detections, 
which consistently require the addition of such reagents. Our group previously studied 
the grafting of o-aminophenylphosphate (o-APP), the substrate for ALP, film onto GCE 
by the electrochemical reduction of the corresponding nitrophenyl phosphate diazonium 
salt in acidic aqueous solution [192], facilitating the reagentless detection of ALP.  
Specifically outlining the work achieved in this PhD thesis, the work is organised 
into separate articles that have been published, submitted or are under preparation for 
submission. 
In the first three of these Articles (Chapters 2-4), different potential mediators that 
could be used for the catalytic interaction with the enzymatic product o-AP were 
evaluated and due to their well characterized properties, hydrazine, NADH and ascorbic 
acid were selected for further study. Hydrazine is used as an antioxidant and reducing 
agent; NADH plays an important rule in oxidoreductases and dehydrogenase systems and 
ascorbic acid (vitamin C) is an antioxidant whose detection is important in clinical and 
food applications. The electrocatalytic properties of o-aminophenol films grafted on 
glassy carbon surfaces have been employed for the electrochemical evaluation of 
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hydrazine, NADH and ascorbic acid, to select the most relevant as a recycling mediator 
in the planned signal amplification strategy. To evaluate the best mediator, the reaction 
kinetics between mediators and the o-AP/o-QI were extensively studied using different 
techniques such as cyclic voltammetry, hydrodynamic voltammetry, double potential step 
chronoamperometry, and double potential step chronocoulometry.  
Of the three mediators evaluated, hydrazine is flammable, detonable, corrosive 
and highly toxic [193-195] and therefore difficult to handle. On the other hand, NADH is 
unstable and expensive [196,197] and electrode surfaces are easily fouled by the 
accumulation of reaction products during NADH oxidation [198]. Finally, ascorbic acid 
is cheap, easy to handle, safe, showed excellent electrocatalytic behavior, and is 
compatible with hydrolases such as ALP for co-encapsulation purposes [177,191]. 
Therefore, ascorbic acid was selected as the mediator for regeneration of the o-AP film 
and substrate recycling. We had thus demonstrated an interesting catalytic system for the 
oxidation of ascorbic acid, which is stable, sensitive and reproducible, and we decided to 
explore this system for clinical and food applications. In the first application, we targeted 
the determination of uric acid (UA) in the presence of ascorbic acid (AA), which 
commonly co-exist in biological fluids of humans, mainly in blood and urine (Chapter 4). 
It is difficult to electrochemically differentiate between UA and AA at bare electrodes, 
while the o-AP surface facilitates a selective catalytic activity towards ascorbic acid and 
was used for the detection of ascorbic acid in the presence of uric acid and vice versa, and 
applied to the detection of uric acid in a real urine sample. 
In Articles 4 and 5 (Chapters 5 and 6), the selective electrocatalytic properties of 
the grafted o-AP film toward ascorbic acid were also applied to its detection in real 
samples of fruits and vegetables using disposable one-shot screen printed electrodes. The 
o-AP modified screen printed electrodes showed high catalytic responses toward the 
electrocatalytic oxidation of ascorbic acid. The o-AP SPE sensor exhibited high 
sensitivity and selectivity toward ascorbic acid with excellent storage and operational 
stability, as well as a quantitatively reproducible analytical performance. exhibited 
excellent correlation with the standard spectrophotometric method in the testing of food 
samples [199]. 
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In the second part of the thesis, different surface engineering strategies of 
antibody immobilization for immunosensor construction using a linker or via direct 
attachment onto a Au surface using a strategy of self assembly (scheme 5) were evaluated 
and compared. An alternative strategy explored was the direct anchoring of the antibody 
with or without a linker via the electrochemical reduction of their diazonium cations 
(scheme 5). 
In Article 6 (Chapter 7), a comparison between these different surface chemistries 
methodologies for the construction of immunosensors towards the model analyte of 
coeliac toxic gliadin was carried out. Firstly, the self-assembled monolayer approach was 
evaluated based on the modification of gold surfaces with two bipodal carboxylic acid 
terminated thiols (thioctic acid and a benzyl alcohol disubstituted thiol, DT2). A stable 
SAM of DT2 was rapidly immobilized (3 h) on Au as compared with thioctic acid (100 
h), although both surface chemistries resulted in highly sensitive electrochemical 
immunosensors for gliadin detection using an anti-gliadin antibody (CDC5), with 
detection limits of 11.6 and 5.5 ng/mL, respectively. The developed immunosensors were 
then applied to the detection of gliadin in commercial gluten-free and gluten-containing 
food products, showing an excellent correlation when compared to results obtained with 
ELISA.  
In Article 7 (Chapter 8), another approach was explored to further improve 
immunosensor sensitivity and stability and furthermore to reduce the time necessary for 
sensor preparation was investigated looking at the direct attachment of the SATA 
modified full length antibody, and their F(ab) fragments onto Au electrodes. 
Spontaneously adsorbed SAMs of Fab-SH and CDC5-SH onto Au were rapidly formed 
in less than 15 minutes. The amperometric immunosensors based on Fab fragments 
exhibited a vastly improved detection limit as compared to the thiolated antibody with a 
highly sensitive response toward gliadin detection (LOD, 3.29 ng/ml for amperometric 
detection and 0.42 µg/ml for labelless (impedimetric) detection). Moreover, the self-
assembled monolayer of F(ab) fragments was extremely stable with almost no loss in 
response after 60 days storage at 4oC. 
In Chapter 9, an alternative surface chemistry approach was explored for the 
modification of Au electrodes via electrochemical (i.e. CV at different potential cycling 
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or via application of fixed potential at different deposition times) and spontaneous 
reduction (via dipping at different exposure times) in diazonium cations of a conjugate 
prepared from the monoclonal full length anti-gliadin antibody (CDC5) and the linker 
3,5-bis(aminophenoxy)benzoic acid (DAPBA). Cylic voltammetry was chosen for 
surface modification via applying three potential cycles, but it was observed that an 
extensive washing process was necessary after each potential cycle to remove the non-
specifically adsorbed molecules or formed multilayers. The affinity of the immobilized 
antibody toward gliadin was studied using EIS and amperometry. The modified CDC5-
DAPBA surface showed a reasonable amperometric response after incubation with 5 
µg/ml gliadin, and exhibited excellent specificity with no response observed in the 
absence of the analyte.  
The approaches of surface modification via the electrochemical deposition of 
diazonium salts, either by modification of the surface with a linker and followed by 
cross-linking with the full length antibody, or via one step immobilization of the prepared 
antibody-linker conjugate, are time consuming and very laborious requiring extensive 
washing, and further exploration is required to understand how to control deposition to 
avoid complex multiplayer formation.  
From the different surface chemistry strategies evaluated in this work we can 
conclude that the best approach is the immunosensor based on the spontaneous 
adsorption of thiolated F(ab) fragments on gold. This surface is easy and fast to prepare, 
very stable and sensitive and can be stored for long times in the appropriate conditions 
without lost of affinity. A good alternative to this approach seems to be the 
electrodeposition of antibody-diazonium conjugates, although further work is needed in 
order to optimize this system. 
Overall, this work has contributed significantly to the vision we have for an 
immunosensor that avoids washes and reagent addition, where we have selected an 
excellent mediator for co-encapsulation with alkaline phosphatase enzymes within 
liposome reporter molecules, for regeneration of surface immobilised substrate following 
enzymatic dephosporylation, facilitating substrate recycling and increase in sensitivity 
and reduction in detection limit. Furthermore, we have selected an optimum surface 
chemistry for co-immobilisation of capture antibody molecules and enzyme substrate via 
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the formation of self-assembled monolayers of antibody fragments on gold surfaces. 
Future work will focus on combining the selected mediator and surface chemistry into a 
sandwich immunosensor with a target sensitive liposome reporter molecule, to 
demonstrate a reagentless, washless ultrasesensitive immunosensing platform. 
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CHAPTER 5: (Art 4) 
Amperometric sensing of ascorbic acid using a 
disposable screen-printed electrode modified 
with electrografted o-aminophenol film 
(Hossam M. Nassef, Laia Civit, Alex Fragoso and Ciara 
K. O’Sullivan, Analyst, 2008, 133, 1736–1741.)  
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CHAPTER 7: (Art 6) 
Electrochemical Immunosensor for Detection of 
Celiac Disease Toxic Gliadin in Foodstuff 
(Hossam M. Nassef, M. Carmen Bermudo Redondo, 
Paul J. Ciclitira, H. Julia Ellis, Alex Fragoso, and Ciara 
K. O’Sullivan, Anal. Chem., 2008, 80 (23), 9265-9271.) 
 
 VII
UNIVERSITAT ROVIRA I VIRGILI 
BOTTOM-UP SURFACE ENGINEERING FOR THE CONSTRUCTION OF (BIO) SENSORING SYSTEMS: DESIGN STRATEGIES 
AND ANALYTICAL APPLICATIONS 




UNIVERSITAT ROVIRA I VIRGILI 
BOTTOM-UP SURFACE ENGINEERING FOR THE CONSTRUCTION OF (BIO) SENSORING SYSTEMS: DESIGN STRATEGIES 
AND ANALYTICAL APPLICATIONS 
Hossam Metwally Ahmed Nassef 
ISBN:978-84-692-3235-4/DL:T-932-2009
 85
UNIVERSITAT ROVIRA I VIRGILI 
BOTTOM-UP SURFACE ENGINEERING FOR THE CONSTRUCTION OF (BIO) SENSORING SYSTEMS: DESIGN STRATEGIES 
AND ANALYTICAL APPLICATIONS 
Hossam Metwally Ahmed Nassef 
ISBN:978-84-692-3235-4/DL:T-932-2009
 86
UNIVERSITAT ROVIRA I VIRGILI 
BOTTOM-UP SURFACE ENGINEERING FOR THE CONSTRUCTION OF (BIO) SENSORING SYSTEMS: DESIGN STRATEGIES 
AND ANALYTICAL APPLICATIONS 
Hossam Metwally Ahmed Nassef 
ISBN:978-84-692-3235-4/DL:T-932-2009
 87
UNIVERSITAT ROVIRA I VIRGILI 
BOTTOM-UP SURFACE ENGINEERING FOR THE CONSTRUCTION OF (BIO) SENSORING SYSTEMS: DESIGN STRATEGIES 
AND ANALYTICAL APPLICATIONS 
Hossam Metwally Ahmed Nassef 
ISBN:978-84-692-3235-4/DL:T-932-2009
 88
UNIVERSITAT ROVIRA I VIRGILI 
BOTTOM-UP SURFACE ENGINEERING FOR THE CONSTRUCTION OF (BIO) SENSORING SYSTEMS: DESIGN STRATEGIES 
AND ANALYTICAL APPLICATIONS 
Hossam Metwally Ahmed Nassef 
ISBN:978-84-692-3235-4/DL:T-932-2009
 89
UNIVERSITAT ROVIRA I VIRGILI 
BOTTOM-UP SURFACE ENGINEERING FOR THE CONSTRUCTION OF (BIO) SENSORING SYSTEMS: DESIGN STRATEGIES 
AND ANALYTICAL APPLICATIONS 




UNIVERSITAT ROVIRA I VIRGILI 
BOTTOM-UP SURFACE ENGINEERING FOR THE CONSTRUCTION OF (BIO) SENSORING SYSTEMS: DESIGN STRATEGIES 
AND ANALYTICAL APPLICATIONS 







CHAPTER 8: (Art 7) 
Amperometric immunosensor for detection of celiac 
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(Hossam M. Nassef, Laia Civit, Alex Fragoso, and 
Ciara K. O’Sullivan, Submitted to Anal. Chem., 2009.) 
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ABSTRACT  
Immunosensor sensitivity is strongly dependent on the density of free active epitopes 
per surface area, which could be achieved via well-oriented immobilization of antibody 
fragments as bioreceptor molecules. Here, we report on the development of an 
electrochemical gliadin immunosensor based on the spontaneous self-assembly of anti-
gliadin Fab fragments (CDC5-Fab) on Au surfaces. The analytical performance of this 
immunosensor is compared with a similar containing whole CDC5 antibodies 
previously modified with thiol groups (CDC5-SH) as recognition element. Fab 
fragments were generated by reduction of the disulfide bond of F(ab)2 fragments 
obtained by bromelain digestion of CDC5 antibody. Surface Plasmon Resonance (SPR) 
was used to evaluate the degree of immobilization and recognition ability of 
immobilized CDC5-Fab and CDC5-SH on gold surfaces. The studied surface 
chemistries were evaluated in terms of time required for SAM formation , stability, 
susceptibility to non-specific interactions, and sensitivity using Surface Plasmon 
Resonance (SPR), electrochemical impedance spectroscopy (EIS) and amperometry. 
CDC5-Fab formed a stable monolayer on gold after 15 min and retained >90% of 
antigen recognition ability after 2 month of storage at 4ºC.Detection of gliadin of Fab 
modified electrodes was evaluated by impedance and amperometry. Labeless 
impedimetric detection achieved a LOD of 0.42 µg/mL while the amperometric 
immunosensor based on Fab fragments showed a highly sensitive response with LOD 
3.29 ng/mL. The Fab based immunosensor offers the advantages of being highly 
sensitive, easy and rapid to prepare, with a low assay time. 
 
KEYWORDS: Antibody fragments, Immunosensor, Self-assembled monolayer, 
Gliadin, Celiac disease 
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INTRODUCTION 
Protein/peptide molecules strongly interact with a wide variety of solid surfaces 
through hydrophobic, electrostatic, and hydrogen bond interactions.1 Many studies have 
compared methods of antibody attachment to biosensor surfaces including 
physicochemical adsorption and covalent attachment.2,3 Covalent methods improve the 
uniformity and reproducibility of the bound proteins and have been applied for 
immobilizing proteins onto different solid substrate surfaces using defined linkages or 
strong Au-S bonds to form self-assembled monolayers (SAM),4,5 generally addressing 
the lysine residues randomly present in the antibodies. This gives rise to a random 
orientation of the antigen binding site toward the sensor surface5,6 and may also lead to 
loss of the biological activity of the antibody.7  
An alternative to whole antibodies is the use of antibody fragments as recognition 
element. Recombinant Fab fragments, as well as the even smaller Fv and single-chain 
Fv fragments can be readily generated using robust engineering approaches, such as 
phage display.  Whilst the generated fragments possess definitive advantages over their 
whole antibody counterpart, they are generally labelled with a histidine or biotin tail for 
linking to a functionalized surface rather than by direct chemisorptionfor subsequent 
immunoassay/immunosensing. In an alternative approach, the production of F(ab’)2 and 
Fab fragments using enzymatic proteolysis is a well established technique.8   
Fab fragments can be directly generated using thiol proteases such as papain or ficin, 
or, alternatively, F(ab’)2 fragments can be generated using bromelain, pepsin, or ficin, 
and the disulphide hinge subsequently cleaved using a reducing agent, generating Fab 
fragments.9,10 Pepsin is not applicable to all antibody types (e.g. it cannot be used for 
mouse IgG1 subclasses) and the low pH required for pepsin digestion can destroy 
antibodies.11  Bromelain or ficin provide significantly higher yields than pepsin,12 and 
with more rapid and reproducible digestion (Scheme 1).13  The F(ab’)2 fragments are 
dimeric structures of two Fab units linked together by a disulfide bridge that can be 
cleaved generating two Fab fragments with active thiol groups, which are  located on 
the opposite side of the molecule with respect to the binding site.14 These thiol groups 
can interact with gold surfaces leading to a monolayer of Fab fragments displaying a 
highly controlled orientation that is expected to maximize their antigen-binding 
efficiency with a concomitant increase in sensitivity and selectivity15,16 when compared 
to randomly immobilized whole antibodies (Figure 1).17 Lu et. al, have demonstrated 
that the antigen binding activity of the Fab fragments immobilized in oriented form on 
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derivatized silica surfaces is 2.7 times higher than that of the random form.15 Vikholm-
Lundin18 reported on a generic platform where the spaces in between chemisorbed Fab 
fragments is filled with the disulfide bearing polymer of N-[tris(hydroxyl-
methyl)methyl]-acrylamide, resulting in a marked decrease in non-specific binding. The 
same group went on to apply the developed platform to the detection of C-reactive 
protein, comparing F(ab’)2 and Fab immunocapture layers, with a five-fold 
improvement in specific binding observed with the Fab monolayer.19  The self assembly 
of Fab onto a gold surface, followed by surface plasmon resonance transduction was 
applied to the detection of insulin20, with another report detailing the detection of 
differentiated leukocyte antigens for immunophenotyping of acute leukaemia via the 
direct adsorption of Fab fragments onto gold nano-particles with piezoelectric 
transduction.  In last two examples, the authors did not compare their approach with a 
full length antibody strategy.  
21
In some cases, the use of F(ab’)2 fragments has resulted in lower detection limits as 
compared to whole antibodies.22 There have also been reports of the exploitation of Fab 
fragments, but without taking direct advantage of the ordered monolayer that can be 
formed via the direct chemisorption of the thiolated Fab onto a gold surface, but rather 
focusing on antibody orientation as a means of increasing sensitivity.  Examples of this 
are the immobilization of biotinylated anti-atrazine Fab on neutravidin modified gold 
electrodes23,24 for the detection of atrazine, and monobiotinylated Fab against human 
chorionic gonadotropin and using surface plasmon fluorescence measurements, the 
biotin-Fab achieved a detection limit of 6 x 10-13M as compared to 4 x 10-12M when 
biotinylated whole antibody was used.25  Additionally, exchange reactions between 
disulfide-terminated SAMs and thiolated Fab fragments have also been employed to 
generate sensor surfaces with well oriented Fab fragments.15-17,26 However, the preferred 
method for Fab immobilization is the spontaneous adsorption of Fab motifs on gold, 
giving rise to surfaces of higher epitope density, high antigen-binding constants and 
operational stability or adhesion.27-29  
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Scheme 1. Preparation of: (a) Fab fragments (i: bromelain, ii: cysteine), b) SATA-




Figure 1. Comparison of oriented disposition of F(ab) fragments on gold surface (left) 
with randomly-oriented SATA-modified antibody (right). 
 
Celiac disease (CD) is a condition associated with the ingestion by susceptible 
individuals of gluten from wheat, barley, rye and oats triggered causing histological 
changes in the small intestine mucosa and leading to a mal-absorption syndrome.30, 31 
CD affects possibly 1:100 people in Northern Europe and Northern America32, 33 and 
symptoms revert when a strict gluten-free diet is established, being the only treatment 
available thus far. Therefore, accurate assays for detecting gluten in foodstuffs are 
mandatory. The new benchmark recently approved by Codex Alimentarius (July 2008) 
states that “gluten-free” foods may not exceed 20 ppm of gluten, whilst those with a 
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gluten content to a level between 20 ppm - 100 ppm may be referred to as “low gluten” 
or “reduced gluten”. 
Industries generating gluten-free foods have a definitive need for on site and easy to 
use gluten assays so that incoming raw materials and possible gluten contamination 
throughout the production process can be rapidly tested. Biosensors could provide a 
rapid and convenient alternative to conventional analytical methods for monitoring 
substances under interest in various application fields. Our group has recently reported 
an electrochemical immunosensor for the detection of gliadin with a detection limit of 
5.5 ng/mL which exploits a gold electrode functionalised with a dithiol self-assembled 
monolayer. This sensor was based on an antibody, coined CDC5, which was raised 
against the putative immunodominant celiac disease toxic epitope of α-gliadin, 56−7534 
and applied to the analysis of gliadin in real food samples.35 
In this paper, we exploit the spontaneous self-assembly of CDC5 Fab fragments on 
gold surfaces for the construction of a sandwich electrochemical immunosensor for 
gliadin and compare its performance with the corresponding whole antibody in which 
thiol groups have been selectively introduced using the N-hydroxysuccinimide ester of 
S-acetylthioacetic acid (SATA). Surface modification and antigen affinities were 
studied by surface plasmon resonance (SPR) and the electrochemical assay was 
optimized in terms of deposition and incubation times. The immunosensor we report 
herein is highly sensitive, easy and rapid to prepare, with a lower assay time and 
improved detection limit as compared to our previous reported method,35 with minimal 
requirement of operator manipulation. 
 
EXPERIMENTAL SECTION 
Chemicals and Materials. 1. Materials. The Prolamin Working Group (PWG, 
martin.stern@med.uni-tuebingen.de) provided a gliadin preparation36 to be used as a 
basis for standardizing the analysis and detection of gliadin. Monoclonal antigliadin 
CDC5 antibody was kindly provided by H. J. Ellis and P. J. Ciclitira.37 Monoclonal anti-
gliadin horseradish peroxidase conjugate was used as received. 1-(Mercaptoundec-11-
yl)-tetra(ethyleneglycol) (PEG) was purchased from Aldrich. Antibody F(ab)2 and Fab 
fragments of CDC5 were prepared according to a method provided by Fujirebio 
Diagnostics AB. Gliadin stock solutions were freshly prepared in PBS-Tween® 
containing 60% (v/v) ethanol and diluted in the appropriate buffer. All other reagents 
were of analytical grade and used without further purification.
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2. Electrochemical Instrumentation. All the electrochemical measurements were 
performed using a PGSTAT12 potentiostat (Autolab, The Netherlands) controlled with 
the General Purpose Electrochemical System (GPES) software, with built-in frequency 
response analyzer FRA2 module. A three electrode configuration of Ag/AgCl-3M NaCl 
as a reference (CH Instruments., model CHI111), Pt wire as a counter (BAS model 
MW-1032), and bare or modified Au (BAS model MF-2014, 1.6 mm diameter) as 
working electrode was used. The working surface was cleaned as reported previously.35 
Faradaic impedimetric measurements were carried out in 0.1 M phosphate buffer 
saline (PBS) (pH 7.4) containing 1 mM Fe(CN)63- and 1 mM Fe(CN)64- within the 
frequency range of 0.1 Hz-100 kHz  at a bias potential of +0.22 V and ac amplitude of 5 
mV. The non-faradaic measurements were carried out in PBS (pH 7.4) at 0.0 V and ac 
amplitude of 5 mV. All amperometric measurements were carried out at fixed potential 
(-0.2 V) under continuous stirring at 350 rpm. 
3. SPR Instrumentation. A Biacore3000® SPR instrument was used for all the SPR 
studies. It was operated at a constant temperature of 20°C. A gold (Au) sensor chip was 
used as a solid support for immobilization of CDC5-Fab and CDC5-SH. The data were 
evaluated with the Biacore3000® control software version 4.1.  
Preparation and Characterization of Antibody Fragments 1. Preparation of 
F(ab’)2 Fragments. CDC5 antibody was purified by YM 100 kDa microcon and 
washed four times with 0.15 M NaCl. To 500 µL of the purified CDC5 antibody (1 
mg/mL), 50 µL of 0.5 M Tris buffer containing 50 mM EDTA (pH 7) was added. To 
the previous mixture, 50 µL (10 mg/mL) bromelain solution in PBS (pH 7.2) was 
added. The mixture was incubated at 37 ºC overnight. The produced F(ab’)2 fragments 
were separated with a Sephacryl S-100 column using 0.15 M NaCl as eluting agent. The 
fractions with maximum absorbance at 280 nm were concentrated using a YM10 KDa 
microcon, washed several times with PBS (pH 7.4) and stored at -20 ºC. 
2. Preparation and Characterisation of Fab Fragments (CDC5-Fab). Fab 
fragments were always freshly prepared before use, using 1500 µL of 10 mM cysteine 
in phosphate buffer (pH 10.3) treated with 60 µL (0.483 mg/mL) F(ab’)2 was added. 
The mixture was incubated for 2 hours at room temperature under gentle shaking and 
the excess of cysteine was removed using a YM 10 kDa microcon. The obtained Fab 
fragments were washed four times with PBS (pH 7.4), and spectrophotometrically 
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quantified at 280 nm and the number of free sulfhydryl groups was determined using 
Ellman`s reagent using a molar absorptivity of 14150 M-1.cm-1 at 412 nm.38  
CDC5-Fab were characterized by non-reducing sodium dodecyl sulfate-
polyacrylamide gel electrophoresis analysis (SDS-PAGE, 12%  acrylamide in TRIS-
glycine gel).39 A precision protein standard marker (Bio-Rad, Nazareth Eke, Belgium) 
was used as molecular weight reference. The protein fragments were stained with 
Coomassie brilliant blue R250 (Sigma, Spain). 
3. Modification of CDC5 with Thiol Groups (CDC5-SH). To 100 µL of CDC5 (4 
mg/mL), 5.4 µL of SATA (1 mg/0.9 mL in DMSO) was added and the mixture was 
incubated for 30 minutes at room temperature under gentle shaking. Then, 100 µL of 
deacetylation solution (0.5 M hydroxylamine hydrochloride containing 25 mM EDTA 
in PBS, pH 7.4) was added and the mixture was incubated at room temperature for 2 
hours under gentle shaking. The produced SATA modified antibody (CDC5-SH) was 
dialyzed in PBS (pH 7.4) overnight and concentrated using a YM 30 KD microcon. The 
final concentration of CDC5-SH was determined spectrophotometrically at 280 nm, and 
then stored at -20 ºC.  
4. Enzyme Linked Immunosorbent Assay (ELISA) Characterization of the 
Prepared Fab Fragments and the SATA Modified Antibody. The ELISA analysis 
was performed as reported previously35 with the following modifications. The capture 
layer was formed using 100 µg/mL of CDC5-Fab or CDC5-SH in carbonate buffer, pH 
9.6. In the immunorecognition step, 50 µL of 1 µg/mL PWG in PBS-Tween prepared 
from PWG stock solution prepared in 60% v/v ethanol in PBS buffer (pH 7.4, 0.1 M), 
was added for each well. Detection was carried out with 100 µg/mL of commercial 
HRP- labelled monoclonal anti-gliadin antibody. The analysis was carried out in 
triplicate.    
Surface Chemistry. 1. Optimization of Time Required for SAM Formation. 
Clean Au electrodes were modified by direct immersion in 100 µg/mL CDC5-Fab or 
CDC5-SH in PBS solution (pH 7.4), and the time dependence of impedance variations 
was recorded for selected immobilization times. CDC5-Fab immobilization was 
monitored between 0-60 min by non-faradaic impedance while faradaic responses were 
recorded between 0-180 min for CDC5-SH. Rct values were calculated for different 
exposure times using the Autolab impedance analysis software.  
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2. Immobilization of CDC5-Fab and CDC5-SH on SPR Au Chips. A 100 µg/mL 
solution of CDC5-Fab and CDC5-SH in PBS (pH 7.4) was injected onto a clean Biacore 
SIA Au chip during the immobilization phase until a saturation level was obtained. 100 
µg/mL of CDC5-Fab or CDC5-SH in PBS pH 7.4 were injected directly over the sensor 
chip for 20 min, at a flow rate of 5 µL/min. The free space of modified gold chip was 
then backfilled with 25 µl of 1 mM PEG in PBS-Tween.  
3. Impedimetric Study of the Stability and Affinity of the Antibody Fragments 
with Time. Clean electrodes were immersed in 100 µg/mL of CDC5-Fab or CDC5-SH 
in PBS (pH 7.4) for 15 min. The modified Au electrode was then stored in PBS (pH 7.4) 
at 4 ºC. The non-faradaic EIS was recorded weekly during two months in PBS for the 
modified electrodes with Fab fragments at a bias potential of 0.0 V (frequency range:  
0.1 Hz-100 kHz, ac amplitude 5 mV) and log Z‘ was calculated at fixed frequency (1.1 
Hz)  
4.  Non-Specific Binding Study. Firstly, the EIS response was recorded before and 
after incubation of a pure SAM of PEG, which is used as the backfiller with the Fab 
fragments, with 30 µg/mL PWG for 30 min.  
Different conditions were used in the amperometric study at fixed potential (-0.2 V) in 
PBS (0.1 M, pH 7.4) solution with two consecutive injections of 2 mM H2O2 and 2 mM 
HQ, using 30 µg/mL PWG and 100 µg/mL anti-gliadin-HRP; 
(i) PEG-modified electrodes with were first immersed in 0.05 M PBS-Tween for 30 min 
followed by incubation with anti-gliadin-HRP in the absence and in the presence of 
PWG;  
(ii) CDC5-Fab modified electrodes were first backfilled with PEG followed by 
immersion in 0.05 M PBS-Tween for 30 min followed by incubation with anti-gliadin-
HRP.  
Cross-Reactivity Studies 1. Amperometric Detection. Amperometric 
measurements were carried out using the same conditions explained in the previous 
section. The clean gold electrodes were modified with different antibody Fab fragments, 
by immersion in a 100 µg/mL solution of CDC5-Fab or CEA-Fab (as non-specific 
antibody) in PBS pH 7.4 for 15 min. The remaining free space of the gold surfaces were 
then blocked with 1 mM PEG for 10 min, followed by incubation in 0.05 M PBS-
Tween for 30 min. Subsequently, 30 ng/mL of the corresponding protein (CEA or 
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PWG, respectively) were incubated for 30 min. After incubation with 100 µg/mL of 
anti-gliadin HRP for another 30 min, the amperometric response was recorded. 
2. Surface Plasmon Resonance. Five µg/mL of different non-specific analytes such 
as recombinant high molecular weight glutenin (r-HMW-Glu), CEA and PSA (prostate 
specific antigen) were injected during 6 min to a CDC5-Fab and CDC5-SH modified 
Au chip and the SPR responses were measured. Before each measurement, three 
regeneration steps were carried out by injecting 20 µL glycine (10 mM, pH 2.2) for 1 
minute. Specific signals were recorded using 5 µg/mL of PWG or gliadin (from Sigma) 
dissolved in PBS pH 7.4.  
Immunosensor Construction and Calibration. 1. Formation and 
Characterization of the Sandwich Assay. SAM formation of the Fab and CDC5-SH 
were carried out at their corresponding optimal times and following blocking with 1mM 
PEG, the modified surfaces were incubated in PBS-Tween (0.05 M, pH 7.4) solution for 
30 min. The electrodes were then exposed to different concentrations of PWG (1-20 
µg/mL) in PBS-Tween solution for 10 min. Each building step during the fabrication of 
the biosensor was characterized by CV and EIS using Fe(CN)63-/4- in PBS solution as an 
electroactive marker. In the case of the Fab modified surfaces, an additional 
amperometric measurement were carried out at different concentrations of PWG (5-30 
ng/mL) after an additional layer of labelled antibody was incubated with 100 µg/mL 
anti-gliadin-HRP in PBS for 30 min at room temperature under stirring conditions. 
 2. Optimization of Incubation Times. The incubation time of the specific 
recognition between PWG and the immobilized Fab was optimized as follows. The 
modified electrodes with Fab were blocked with PEG and PBS-Tween as described in 
the previous section. The electrodes were then incubated with 30 ng/mL PWG in PBS-
Tween solution at 12 different incubation times (between 0- 45 min), the non-faradaic 
EIS was measured at each incubation time in PBS (pH 7.4) in the frequency range of 
0.1 Hz-100 kHz at a bias potential of 0.0 V and 5 mV amplitude. The influence of the 
incubation time on the logarithm of impedance of the real part at fixed frequency 
(0.0383 Hz) was investigated. 
For the optimization of incubation with labeled anti-gliadin-HRP in the sandwich 
assay, the Fab modified gold surface was blocked with PEG and PBS-Tween, followed 
by incubation with 10 ng/mL PWG in PBS-Tween. The electrodes were then incubated 
with 100 µg/mL MAb-HRP solution at different incubation times (between 0- 60 min). 
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The amperometric responses were then recorded at fixed potential (-0.2V vs Ag/AgCl) 
in PBS (0.1 M, pH 7.4) in the absence and presence of 2mM H2O2 and 2mM HQ. 
Electrochemical Detection of PWG. 1. Impedimetric Detection. Detection of 
PWG on the modified electrodes (see Section 2.7.1) was carried out using EIS and 
Amperometry. EIS measurements were carried out in the presence of the redox probe 1 
mM Fe(CN)63-/4- in PBS (0.1 M, pH 7.4) in the frequency range of 0.1 Hz-100 kHz at a 
bias potential of +0.22 V and 5 mV amplitude before and after binding of different 
concentrations of PWG (5, 10, 15, 20, 25, and 30 ng/mL). The obtained spectra were 
fitted to an equivalent electrical circuit using the Autolab impedance analysis software.  
2. Amperometric Detection. Clean gold electrodes were modified with Fab as 
previously explained. The free surfaces were then blocked with PEG and PBS-Tween, 
followed by incubation of the modified electrodes  in different concentrations of PWG 
(5, 10, 15, 20, 25, and 30 ng/mL) in PBS-Tween for 10 min. Followed by a final 
incubation with 100 µg/mL of MAb-HRP for 30 min, the amperometric response of the 
antibody-modified surface was recorded in PBS before and after the two consecutive 
injections of 2 mM H2O2 and 2 mM HQ. 
 
RESULTS AND DISCUSSION 
Preparation of CDC5 Fragments and Characterization Using Non-Reducing 
Electrophoresis (SDS-PAGE). Scheme 1 shows the strategy employed for the 
preparation of Fab fragments and for the introduction of thiol groups in CDC5 using 
SATA. Whole CDC5 antibody was first digested with bromelain to obtain the 
corresponding (Fab’)2 after chromatographic purification. Purified (Fab’)2 fragments 
kept in PBS (0.1 M, pH 7.4) at -20ºC were stable for more than six months, which 
allowed the preparation of a large batch of (Fab’)2 from which Fab fragments were 
generated when needed.  
The fragmentation process of CDC5 and the chemical reductions of the produced 
mouse MAb CDC5 (Fab’)2 to Fab fragments using cysteine as a reducing agent were 
characterized by non-reducing electrophoresis. The mouse MAb CDC5 (Fab’)2 were 
successfully reduced to Fab fragments. Figure 2 illustrates the SDS-PAGE (12 %) 
analysis of the full length CDC5 antibody and their (Fab’)2 and Fab fragments under the 
non-reducing conditions. Lane 1 of Figure 2 clearly shows one major band around 40 
kDa, indicating that a significant amount of Fab was produced. In lane 1, there were no 
significant bands less than 40 kDa, indicating that the produced Fab fragments were not 
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further reduced into smaller inactive peptides. Lanes 2 and 3 present major bands 
around 120 and 150 kDa, respectively, which can be attributed to the prepared (Fab’)2 
fragments and whole CDC5 antibody, respectively. In Lane 2, a few faint bands were 
visible around 40 kDa, indicating that some Fab was produced due to further reduction 
of F(ab’)2 during the enzymatic fragmentation process, which is expected. The 
successful cysteine-mediated reduction of CDC5 F(ab’)2 to Fab fragments was also 
demonstrated using Ellman`s reagent. The concentration of free sulfhydryl groups after 
reduction was 1.697 µM, a value 2.35-fold higher than that of F(ab’)2 (0.722 µM). This 
indicates a successful reduction of the F(ab’)2 fragments. The biorecognition affinity of 
the prepared Fab and modified CDC5-SH was further studied by ELISA. The ELISA 
results indicated that the Fab and CDC5-SH are still active and easily recognize PWG, 
and the preparation processes for both biocomponents does not affect their activity.  
                                                     
                                              Full length antibody F(ab)2Fab M








2 3 4 1  
 
Figure 2. SDS-PAGE analysis (12% gel; non-reducing conditions) of the full length 
CDC5 antibody their F(ab)2 and Fab fragments. a) Lane 1: Cysteine reduction of F(ab)2 
to F(ab) fragments, lane 2: F(ab)2 fragments (obtained by enzymatic bromelain 
fragmentation), lane 3: full-length CDC5, and lane 4: molecular weight marker. 
 
Surface Chemistry. 1. Surface Plasmon Resonance Study. The deposition of 
CDC5-Fab and CDC5-SH onto Au surfaces was primarily studied using SPR. Figure 3 
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represents the SPR sensograms of consecutive immobilization, blocking and recognition 
steps for both CDC5 forms and Table 1 details the RU values obtained for the 
immobilization and recognition steps. The surface mass density obtained for CDC5-Fab 
and CDC5-SH after the immobilization step were 109 and 171 ng/cm2, respectively. 
These values translate into molar concentrations of 2.72 and 0.85 pmol/cm2, considering 
a molecular weight of 40 kDa for CDC5-Fab and 200 kDa for CDC5-SH as revealed by 
SDS-PAGE. Hence, an antigenic CDC5-Fab monolayer contains about 1.6 times more 
recognition epitopes per square centimeter than a monolayer of full antibodies 
(considering two binding sites per whole antibody molecule). It has been recently 
estimated that a full monolayer contains between 130–650 ng/cm2 of whole antibodies 
of approximate size 15×15×3 nm3) and 260–700 ng/cm2 of Fab fragments (8.2×5.0×3.8 
nm3).17 Therefore the observed RU values indicate that an incomplete monolayer was 
obtained with the Fab fragments in contrast with the whole antibody.   
 



























Figure 3. SPR sensorgrams obtained at CDC5-Fab (―) and CDC5-SH (---) modified 
Au chips. (1) SAM formation, (2) Blocking step with 1 mM PEG and PBS-Tween, (3) 
injection of 5 µg/mL PWG for antigen binding, (4) regeneration with 3 pulses of glycine 
(10 mM, pH 2.2). 
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SPR was also used also to assess antigen (PWG) binding to the immobilized full-
length antibodies and fragments. Figure 3 shows the antigen binding responses on the 
covalently immobilized CDC5-Fab and CDC5-SH. The Fab fragment showed the 
highest antigen binding response (606 RU for 5 µg/mL of PWG) (Table1) in 
comparison to the 136 RU for immobilized CDC5-SH, i.e. a decrease of about 77% 
antigen recognition ability was observed for CDC5-SH. This is presumably due to the 
fact that the modification process of the full length antibody with SATA reagent 
converts the free amines distributed throughout the antibody structure to sulfhydryl 
groups, resulting in a randomly oriented immobilization of CDC5-SH which leads to a 
decrease in antigen accessibility to the recognition epitope (Figure 1).  An additional 
factor could be the steric hindrance of the whole antibody onto the sensor surface, since 
it has larger dimensions (15×15×3 nm3) and consequently consumes a larger space on 
the sensor surface, which can therefore negatively influence antigen binding efficiency, 
as compared to the smaller receptor molecules (Fab), well oriented on Au which 
resulted in a higher number of accessible active epitopes.27  
 
Table 1. SPR Responses (∆RU) Values for the Immobilization of CDC5-Fab and 
CDC5-SH and the Corresponding Binding with 5 µg/mL PWG  
Surface Immobilization PWG recognition 
CDC5-Fab 1091 606 
CDC5-SH 1708 136 
 
2. Immobilization of CDC5-Fab and CDC5-SH on Gold Electrodes. The 
immobilization of CDC5-Fab and CDC5-SH on Au electrode was optimized in terms of 
time of formation and minimization of non-specific interactions using impedance 
spectroscopy. Faradic impedance was used to follow CDC5-SH deposition, while the 
non-faradic technique was used for CDC5-Fab since it gave a more sensitive response 
variation than faradic impedance.  
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Figure 4. a) Impedance variations obtained upon formation of SAMs of CDC5-Fab (■) 
and CDC5-SH (●). b) Time dependence of the impedance response obtained for Au 
electrodes immobilized CDC5-Fab stored in PBS (0.1 M, pH 7.4) at 4 ºC. Inset: 
amperometric responses obtained to test the recognition ability of stored electrodes. 
 
In both cases, the impedance response increased steadily with time (Figure 4a), 
reaching a saturation after 15 min for CDC5-Fab and 3 h for CDC5-SH. In both cases, 
the impedance increase does not account for multilayer formation since each point 
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represents the constant impedance value obtained after repeated washings to remove 
physically-adsorbed molecules. This difference in deposition time highlights the 
advantage of using Fab fragments for biosensor construction, where SAM formation is 
notably faster than that achievable using the whole antibody, or chemical crosslinking to 
alkanethiol SAMs.35  
3. Stability of CDC5-Fab and CDC5-SH Modified Electrodes. The stability of 
Fab-modified Au was tested by recording the non-faradaic impedance variations weekly 
for two months for electrodes stored in PBS buffer at 4 ºC (Figure 4b). The electrodes 
modified with CDC5-Fab showed a slight impedance increase at fixed frequency (1.1 
Hz) in the first two weeks, remaining constant during the rest of the stability study. A 
similar behavior was obtained for the CDC5-SH modified electrodes with (not shown) 
indicating a stable antibody layer was attached to the Au surface. After two months of 
storage, < 10% lost of antigen recognition activity was observed for the Fab modified 
Au electrodes as revealed by amperometric measurements, indicating the high stability 
of the immobilized Fab fragments. 
4. Evaluation of Non-Specific Interactions. In immunosensors, it is critical to avoid 
the interaction of the target analyte or labeled reporter antibody with the surface (non-
specific binding) while maximizing the recognition by the immobilized biocomponent 
(specific binding). In this study (1-mercaptoundec-11-yl)-tetra-(ethyleneglycol) and 
Tween® 20 were used to prevent non-specific adsorption. EIS and amperometry have 
been used to evaluate the occurrence of non-specific interactions on SAMs of PEG 
further blocked with Tween® (0.05 % w/v), as well as gold surfaces modified with 
specific and non-specific Fab fragments against gliadin, using CEA as a non-specific 
analyte.  
Impedance measurements (Figure 5) shows the occurrence of a very low degree (< 
3%) of non-specific adsorption on a bare SAM of PEG when exposed to 20 µg/mL of 
PWG for 30 min. Similarly, amperometric measurements (Table 2) carried out using 30 
ng/mL PWG are in agreement with the EIS results. In a situation more comparable to 
the final immunosensor format, where antibody Fab fragments are immobilized on gold 
and incubated with a non-specific antigen (carcinoembryonic antigen, CEA), the non-
specific binding value was 4.4%.  
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Figure 5. Complex impedance plots (in 1 mM K3Fe(CN)6 solution in PBS pH 7.4) 
recorded at bare Au (○), PEG modified Au covered with Tween 20 (●), and after 
incubation with 20 µg/mL PWG (□). 
 
In addition, the SPR responses corresponding to the binding of 5 µg/mL of the non-
specific analytes recombinant high molecular weight peptic triptic gluten (r-HMW 
PTGlu), carcinoembryonic antigen (CEA), and prostate specific antigen (PSA) with the 
immobilized Fab molecules resulted in a very small increase in SPR responses of 8.2, 
5.2 and 6.2 RUs, respectively (Table 3), which represents 0.86–1.35% of the signals 
observed for the specific antigen. These results indicating that the Fab modified Au 
surfaces are highly specific to PWG antigen. Moreover, the presence of non-specific 
proteins in the detection media does not interfere with PWG. Therefore, this 
immunosensor could have a wide range of applications for the detection of PWG in real 
samples.   
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Table 2. Amperometric Responses at Different Surfaces Corresponding to Non-Specific 
Binding and Cross-Reactivity 
Surface ∆i (nA) %NSB1
Au|PEG&Tween|30 ng/mL PWG 0 0 
Au|Fab (CDC5)|30 ng/mL CEA 7 4.4 
Au|Fab (CEA)|30 ng/mL PWG 25 15.8 
Au|Fab (CDC5)|30 ng/mL PWG 158 - 
 
1 NSB = 100 × (∆inon-analyte / ∆ianalyte), where NSB is the degree of non-specific binding 
and ∆i represents the change in the amperometric current responses before and after 
injection of hydroquinone.  
 
Table 3. Observed RU Values for CDC5-Fab and CDC5-SH Modified Au Surface 
After Incubation with Different Non-Specific Analytes. 
 Surface 
Sample CDC5-Fab (%NSB)1 CDC5-SH (%NSB)1
Sigma gliadin 376.8 (62.12) 0 (0) 
r-HMW PTGlu 8.2 (1.35) 6.7 (4.9) 
CEA 5.2 (0.86) - 
PSA 6.2 (1.02) - 
 
1NSB = 100 × (RUnon-analyte / RUanalyte), where NSB is the degree of non-specific 
binding and ∆RU represents the change in RU values before and after incubation of the 
surface with 5 µg/mL of the selected analyte.  
Electrochemical Detection of Gliadin. 1. Immunosensor Construction. Figure 6 
represents the impedance spectra of the successive building steps leading to the 
construction of the gliadin immunosensors using CDC5-Fab and CDC5-SH. The 
impedance spectra of each building step of both biosensors consisted of a semicircle 
whose extrapolation to the x axis gives the charge-transfer resistance (Rct) of each layer. 
This value is closely related with the hindering of the flux of the redox couple towards 
the electrode surface and, therefore, addition of successive layers increases this value. 
As shown in figure 6, the diameter of the semicircle was increased with the binding of 
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each corresponding protein layer, providing evidence of the successful formation of the 
immunocomplex.  
 


































Figure 6. Complex impedance plots (in 1 mM K3Fe(CN)6 solution in PBS pH 7.4) 
recorded at a SAM of CDC5-Fab (a) and CDC5-SH (b) modified Au electrodes for the 
sequential immobilization steps of the immunosensors. 
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2. Optimization of Incubation Times of Recognition and Detection Steps for 
Fab-Based Biosensor. Since the analytical performance of the immunosensor is 
directly related to its ability to recognize the target PWG, it is essential to optimize the 
time required for the complete reaction between the antigen and the immobilized 
biorecognition probe. Figure 7a shows the influence of incubation time (0-45 min) on 
the impedance response of the system in the presence of 30 ng/mL PWG. The log Z’ 
values improved with increasing incubation time and then maintained the maximum 
value after 10 min incubation. Therefore, this incubation time was used in further 
experiments. 
The incubation time required for the complete interaction between the detecting 
conjugate (anti-gliadin-HRP) and the CDC5-Fab/PWG complex was studied using 
amperometry (Figure 7b). After modification of the Au surfaces with CDC5-Fab 
fragments, blocking and incubation with 30 ng/mL PWG for 10 minutes, the system 
was exposed to 100 µg/mL R5-HRP at different incubation times (0-60 min). The 
amperometric responses were then recorded reaching saturation after 30 min incubation. 
Therefore, this incubation time was used for the amperometric detection of PWG.     
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Figure 7. (a) Nyquist plots of the non-faradaic impedance in PBS (pH 7.4) at CDC5-
Fab modified electrodes after interaction with 30 ng/mL PWG at incubation times; 0(■), 
1(□), 3(●), 5(○), 7(▲), 10(∆), 15(▼), 20(∇), and 25(♦) minutes,. Inset, the time 
dependence of log Z` 0.0383 Hz. (b) Amperometric responses at CDC5-Fab modified 
immunosensor in PBS (pH 7.4) at different incubation times with 10 ng/mL R5-HRP; 
(0, 1, 3, 5, 10, 20, 30, 45 and 60 minutes) Inset: time dependence of current responses. 
 
3. Electrochemical Detection of PWG. The impedance technique allows a fast, 
direct labeless detection of targets. We have investigated the possibility of using this 
technique for PWG detection using the constructed immunosensors. Figure 8a shows 
the calibration plots obtained using both CDC5-Fab and CDC5-SH modified electrodes. 
At higher concentration levels of PWG (µg/mL), Rct values were linearly correlatable 
with PWG concentrations (1-20 µg/mL) using the Fab immunosensor, with an LOD of 
0.42 µg/mL. At lower concentration levels of PWG (ng/mL), the impedance technique 
was not sensitive enough to detect the minimal changes in the biointerface structure and 
not suitable for gliadin detection with the CDC5-Fab fragments. However, with using 
CDC5-SH, the Rct variations were substantially less sensitive, which may be due to non-
controlled orientations of the modified antibody.  
Detection of very low PWG concentrations levels (ng/mL) was achieved with the 
CDC5-Fab biosensor using amperometric detection. Figure 8b shows the amperometric 
calibration curve, in which the current response showed a linear relationship with the 
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concentration of PWG over the range of 5–30 ng/mL with a limit of detection of 3.29 
ng/mL. This value is twice lower than that previously obtained by our group using a 
CDC5 covalently immobilized on a bipodal alkanethiol based self-assembled 
monolayer35 and highlights the advantage of using antibody fragments for the detection 
of lower levels of target. 




























Figure 8. a) Impedimetric calibration curves for CDC5-Fab (■) and CDC5-SH (•); (b) 
Amperometric calibration plot at CDC5-Fab modified immunosensor. 
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CONCLUSIONS  
An electrochemical gliadin immunosensor based on the spontaneous adsorption of 
anti-gliadin Fab fragments on Au surfaces has been developed and compared with 
whole antibody modified electrodes. SPR results revealed that the antigenic CDC5-Fab 
monolayer contains about 3 times more epitopes per square centimeter than CDC5-SH. 
CDC5-Fab formed a stable monolayer on gold after 15 min and retained >90% of 
antigen recognition ability after 2 month of storage at 4ºC. Detection of gliadin of Fab 
modified electrodes was evaluated by impedance and amperometry. Labeless 
impedimetric detection achieved a LOD of 0.42 µg/mL while the amperometric 
immunosensor based on Fab fragments showed a highly sensitive response with LOD 
3.29 ng/mL. The Fab based immunosensor offer the advantages of being highly 
sensitive, easy and rapid to prepare, with a low assay time. 
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Evaluation of electrochemical grafting of full length antibody 




In the work presented here, we report on the electrochemical reduction of the in 
situ prepared diazonium cations of conjugate prepared from the monoclonal full length 
anti-gliadin antibody (CDC5) and the linker 3,5-bis(aminophenoxy)benzoic acid 
(DAPBA) onto gold surface. The deposition of CDC5-DAPBA diazonium cations was 
carried out electrochemically using cyclic voltammetry using different numbers of 
potential cycles and via application of fixed potential at various deposition times, as 
well as non-electrochemically for several lengths of exposure. Cyclic voltammetry 
showed two ill defined reduction peaks at +0.047 and +0.414 V in the first scan due to 
the diazonium depositon of CDC5-DAPBA. Extensive washing process in PBS-Tween 
(0.01 M, pH 7.4, with 0.05% v/v Tween) was carried out to remove the formed 
multilayers and non-specifically adsorbed species. Following the surface modification 
with CDC5-DAPBA, the remaining free spaces on the electrode surface was blocked 
via electrochemical reduction of diazonium cations of aminophenylacetic acid (APAA) 
applied for three potential cycles. The surface chemistries were evaluated using cyclic 
voltammetry and electrochemical impedance spectroscopy (EIS). The modified CDC5-
DAPBA surface showed high amperometric response with a sensitivity 0.082 nA.ng-1 
ml, after incubation with 5 µg/ml gliadin indicating the excellent specificity toward 
gliadin, while no response was observed in the absence of gliadin. Whilst the approach 
was demonstrated for the formation of an immunoactive surface, further research is 
required to understand the formation of mono and multilayers using the diazonium 
approach, so as to deposit biocomponents in a controllable fashion. 
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1. Introduction 
Pinson and co-workers first demonstrated that diazonium salts could be reduced 
onto glassy carbon surfaces to yield very stable functional layers [1], and since then this 
technique has been widely studied and used to modify a variety of substrates, such as 
carbon [2,3], carbon nanotubes [4,5], metals [6-9] and semi-conductors [10-14]. The 
reduction of diazonium salts is recognised to be a very versatile and simple way to graft 
a wide variety of functional groups onto conductive surfaces using specific aryl 
derivatives. The reduction can occur in aqueous and organic media, and can be either 
spontaneous via simple dipping of the material into a solution of the diazonium salt 
[9,15] or electro-induced [1,9]. The mechanism for the electro-induced deposition 
involves the formation of an aryl radical at the vicinity of the surface following the 
reduction of the diazonium salt, leading to the evolution of an N2 molecule and 
formation of a covalent bond [16] between the aryl  group and the substrate allowing a 
strong attachment of the deposited layers, requiring mechanical abrasion to remove 
them from the surface. This mechanism can yield coatings of variable thickness (from 
monolayer to multilayers) depending on the charge allowed to reduce the diazonium, 
concentration of the diazonium and/or the reaction time. 
Gold is important relative to carbon as it has a lower capacitance, and it can be 
produced very flat or as a single crystal, and is compatible with many microfabrication 
technologies. The attraction of Au-thiol chemistry is that well ordered and densely-
packed monolayers can be easily formed, with a reasonably strong bond formed 
between the immobilized molecule and the electrode, and furthermore, a diverse range 
of molecules can be synthesized with a vast number of functional groups to modify the 
electrode surface [17-19]. One of the disadvantages of the Au-thiol system is that 
alkanethiols can be oxidatively or reductively desorbed at potentials typically outside 
the window defined by -800 to +800 mV versus Ag/AgCl [20],  as well as the fact that 
alkanethiols are desorbed at temperatures over 100 ºC [21,22].  Additionally, as gold is 
a highly mobile surface, this results in monolayers moving across the electrode surface.  
Furthermore, the Au-thiolate bond is prone to UV photooxidation [23] and the Au/thiol 
junction creating large tunneling barrier (≈ 2 eV) which affects on the rate of electron 
transfer from the organic monolayer to the electrode [24]. Futhermore, the formation of 
a stable alkanethiol based SAM can require between 3 and 120 hours to allow 
organisation into an energetically favourable monolayer [25]. 
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The electrochemical reduction of aryl diazonium salts is one possible alternative 
which has recently been reported as a method for the covalent derivatization of carbon 
or gold electrodes, forming a covalent bond which is strong, stable over both time and 
temperature, non-polar and conjugated [20].  
The advantages of the diazonium reduction approach as compared to alkanethiol 
self-assembled monolayers, include a highly stable surface over time and over a wide 
potential window, ease of preparation, and the ability to synthesize diazonium salts with 
a wide range of functional groups [2,26]. In addition, the ability to create a diazonium-
modified surface by the application of a potential bias allows the selective 
functionalization of closely spaced microelectrode surfaces. While the use of carbon 
surfaces have dominated the majority of studies relating to the electrodeposition of aryl 
diazonium salts, Au surfaces have also been shown to be suitable for diazonium grafting 
[8,27]. The selective functionalization of Au electrodes with control over surface 
functional group density and electron transfer kinetics employing diazonium chemistry 
has been reported [28]. In contrast to the more common thiol–Au chemistry, diazonium 
modification on Au surfaces yields increased stability with respect to long-term storage 
in air, potential cycling under acidic conditions, and a wider potential window for 
subsequent electrochemistry [29], which has been proved by the calculated bonding 
energy; 24, 70, and 105 kcal/mol on Au, Si, and carbon, respectively [30,31]. The 
reductive deposition of aryl diazonium salts onto gold electrodes is superior for 
electrochemical sensors than either alkanethiol modified gold electrodes or aryl 
diazonium salt modified GC electrodes [29].  
Some obvious advantages of the use of diazonium-functionalized antibodies and the 
electrically addressable deposition procedure are simplicity, fewer reagents and 
preparation steps; a strong covalent bond between antibody and electrode; the ability to 
selectively coat and control deposition onto electrode platforms and finally, a reduced 
number of chemical reactions on a surface relative to attaching a protein to a surface 
that has been diazonium-functionalized. The use of diazonium modification also allows 
for attachment to a variety of substrates including conducting and semiconducting 
substrates as well as carbon nanotubes [32]. Recently, Marquette and co-workers 
introduced a technique for the direct and  electroaddressable immobilization of proteins 
consisting of coupling 4-carboxymethylaniline to antibodies followed by  diazotination 
of the aniline derivative to form an aryl diazonium functional group [33]. However, 
much of the work has been devoted to the study of a variety of aryl derivatives for 
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possible applications of the process [34] but little has been published about the 
influence of the experimental conditions  (potential range, eletrochemical techniques, 
etc.) on the deposition mechanism onto gold surfaces and the potential formation of 
multilayers [20,27,29,32,35-40]. 
In the work reported here, we exploit the deposition of full length antibody raised 
against gliadin, CDC5, coupled to the linker 3,5-bis(aminophenoxy)benzoic acid 
(DAPBA) onto gold via the electrochemical reduction of corresponding in situ prepared 
diazonium salt and non-electrochemical adsorption of the same salt respectively. 
DAPBA has a bipodal structure featuring two aniline groups linked to a COOH-
terminated central benzene ring (see Figure 1a). This structure, with two points of 
connection to the electrode surface is expected to give a higher stability to the grafted 
assembly while allowing the covalent attachment of biomolecules through the 
carboxylic group. The electrochemical graftings were carried out via the application of 
potential scans with different numbers of potential cycling and/or via the application of 
fixed potential at different deposition times, while the non-electrochemical 
(spontaneous) immobilization was carried out by dipping the electrode in diazonium 
solution at different exposure times. In the modification process, a washing step was 
optimized at different stirring times in PBS-Tween to remove the non-specifically 
adsorbed protein molecules. The CDC5-DAPBA modified Au electrodes have been 
characterized by CV and electrochemical impedance spectroscopy (EIS). The affinity of 
the immobilized antibody toward PWG was studied using EIS and amperometry.  
 
2. Experimental 
2.1. Chemicals and materials  
2.1.1. Materials  
The Prolamin Working Group (PWG, martin.stern@med.uni-tuebingen.de) 
provided a gliadin preparation [41] to be used as a basis for standardizing the analysis 
and detection of gliadin. Monoclonal anti-gliadin antibody (CDC5) was developed by 
HJ Ellis and PJ Ciclitira as previously reported [42]. Monoclonal antigliadin horseradish 
peroxidase conjugate was used as received. N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide (EDC), N-hydroxysuccinimide (NHS), hydroquinone, H2O2, Trizma 
base, 4-aminophenyl acetic acid (APAA) and phosphate buffered saline with 0.05% 
Tween® 20 (dry powder) were purchased from Sigma-Aldrich. 3,5-
Bis(aminophenoxy)benzoic acid (DAPBA) was purchased from TCI, Belgium. All 
 119
UNIVERSITAT ROVIRA I VIRGILI 
BOTTOM-UP SURFACE ENGINEERING FOR THE CONSTRUCTION OF (BIO) SENSORING SYSTEMS: DESIGN STRATEGIES 
AND ANALYTICAL APPLICATIONS 
Hossam Metwally Ahmed Nassef 
ISBN:978-84-692-3235-4/DL:T-932-2009
aqueous solutions were prepared with Milli-Q water (Millipore Inc., Ω = 18  
MOhms·cm). Gliadin stock solutions were freshly prepared in PBS-Tween containing 
60% (v/v) ethanol and diluted in the appropriate buffer.  
 
2.1.2. Electrochemical Instrumentation  
All the electrochemical measurements were performed using a PGSTAT12 
potentiostat (Autolab, The Netherlands) controlled with the General Purpose 
Electrochemical System (GPES) software, with built-in frequency response analyzer 
FRA2 module. A three electrode configuration of Ag/AgCl-3M NaCl as a reference 
(CH Instruments., model CHI111), Pt wire as a counter (BAS model MW-1032), and 
bare or modified Au (BAS model MF-2014, 1.6 mm diameter) as working electrode 
was used. All the Faradaic impedimetric measurements were carried out in 0.1 M 
phosphate buffer saline (PBS) (pH 7.4) containing 1 mM Fe(CN)63- and 1 mM 
Fe(CN)64- within the frequency range of 0.1 Hz-100 kHz  at a bias potential of +0.22 V 
and ac amplitude of 5 mV. All amperometric measurements were carried out at fixed 
potential (-0.2 V) under continuous stirring at 350 rpm. 
 
2.2. Preparation of the conjugate CDC5-DAPBA. 
Twenty five milligrammes of DAPBA were dissolved in 5 mL (0.1 M) HCl, and 
the carboxylic acid groups of the DAPBA were activated via the addition 0.2 M EDC 
and 50 mM NHS in 0.1 M MES buffer (pH 5) for 15 min, followed by addition of 200 
µL (4.4 mg/ml) CDC5 in PBS (pH 7.4) for 2 h at room temperature. The excess 
reagents were removed, and the conjugate was purified and concentrated using YM 3 
KDa microcon, and the concentration of the conjugate was then measured at 280 nm, 
and stored at -20 ºC in PBS buffer (pH 7.4, 0.1M). The amino groups of the DAPBA 
coupled to the full length antibody CDC5, was diazotised in an aqueous solution of 20 
mM HCl and 20 mM NaNO2 for 15 min under stirring in ice-cold water. The freshly 
prepared diazonium salt solution was then immediately used to immobilize the modified 
CDC5 onto the gold electrode surface.  
 
2.3. Deposition of CDC5-DAPBA on gold surgaces. 
Prior to electrode modification, the gold surfaces were extensively cleaned by 
polishing in a slurry of alumina powder of 0.3 µm to a mirror finish. The electrodes 
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were then sonicated in Milli-Q water and in ethanol for 5 min to remove any alumina 
remnants. The electrodes were placed in hot (∼70 oC) Piranha’s solution (1:3 v/v, 30% 
H2O2, in concentrated H2SO4) for 5 minutes, and thoroughly washed with Milli-Q 
water, ethanol and finally dried with dry nitrogen. [Warning: Piranha’s solution is 
highly corrosive and violently reactive with organic materials; this solution is 
potentially explosive and must be used with extreme caution]. The bare electrodes were 
characterized using cyclic voltammetry (CV) and faradaic impedance spectroscopy in 
Fe(CN)63-/4- in PBS buffer (0.1 mM, pH = 7.4). 
 
2.3.1. Electrochemical deposition at different potential cycling 
The electrochemical deposition of the CDC5-DAPBA onto Au was carried out 
using cyclic voltammetry by application of different potential cycling. In the three 
configuration cell, the working electrode was immersed in 2 mL (100 µg/mL) of CDC5-
DAPBA. Potential cycling was applied between +0.7 to -0.4 V vs Ag/AgCl at a scan 
rate of 100 mv/sec. The deposition step was carried out for different numbers of 
potential cycles (1, 2, 3, 4, 5, 10, and 20 scans).  
  
2.3.2. Electrochemical deposition at fixed potential (-0.4 V) at different deposition 
times.  
The electrochemical reduction of CDC5-DAPBA was also carried out at a fixed 
potential of -0.4 V vs Ag/AgCl at different deposition times. The working electrode was 
immersed in 2 mL (100 µg/mL) of freshly prepared diazonium salt solution. A fixed 
potential (-0.4 V) was applied vs Ag/AgCl at different deposition times (0, 30, 60, 120, 
180, 240, 300, 600, 1200 and 1800 sec). 
 
2.3.3. Non-electrochemical deposition at different exposure times 
Non-electrochemical deposition was carried out via immersion of a clean gold 
electrode in a freshly prepared solution of CDC5-DAPBA (100 µg/mL) at different 
exposure times (0, 30, 60, 300, 600, 1200, 1800, and 3600 sec), without application of 
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2.4. Surface Chemistry.  
2.4.1 Optimization of the washing step required for removal of non-specific 
adsorption of CDC5-DAPBA conjugate. 
During the immobilization process of the conjugate CDC5-DAPBA onto Au 
surfaces, non-specific adsorption the CDC5-DAPBA (i.e. via passive adsorption) 
possibly occurred. Therefore, a washing process was carried out to remove the passively 
adsorbed CDC5-DAPBA. The washing step was carried out via immersion of the 
modified electrode in PBS-Tween (0.01 M, pH 7.4, with 0.05% v/v Tween) at different 
times under stirring conditions (5, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 min).   
 
2.5. Immunosensing assay construction.  
The prepared CDC5-DAPBA was immobilized onto Au electrode surface via the 
application of one potential cycle between +0.7 to -0.4 V, and the non-specifically 
adsorbed molecules were removed via stirring in PBS-Tween (0.01 M, pH 7.4, with 
0.05% v/v Tween) for 90 min. The immobilization and washing steps were sequentially 
repeated twice in order to “fill” the free spaces obtained after washing. The remaining 
free spaces were blocked with 4-aminophenylacetic acid (APAA) (via electrochemical 
reduction of its in situ prepared diazonium salt in potential range +0.7 to -0.4 V), the 
carboxyl groups of APAA were converted to hydroxyl via consecutive interactions with 
EDC/NHS and ethanolamine (1M, pH 8.3) for 15 min, respectively, followed by a 
second blocking through incubation in PBS-Tween (0.05 M, pH 7.4) solution for 30 
min, thus facilitating a mixed layer which incorporated hydrophilic moieties for 
repulsion of non-specific protein binding. The electrodes were then exposed to gliadin 
(5 µg/mL) in PBS-Tween solution for 30 min. Each building step during the fabrication 
of the biosensor was characterized using CV and EIS using Fe(CN)63-/4- in PBS solution 
as electroactive marker. An additional layer of labelled antibody was incubated with 
100 µg/mL anti-gliadin-HRP in PBS for 30 min at room temperature under stirring. 
 
2.5.2. Electrochemical detection of gliadin.  
2.5.2.1. Impedimetric detection.  
Detection of gliadin on the modified electrodes was carried out using EIS and 
amperometry. EIS measurements were carried out in 1 mM Fe(CN)63-/4- in PBS (0.1 M, 
pH 7.4) in the frequency range of 0.1 Hz-100 kHz at a bias potential of +0.22 V and 5 
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mV amplitude before and after binding of (5 µg/mL) gliadin. The obtained spectra were 
fitted to an equivalent electrical circuit using the Autolab impedance analysis software.  
 
2.5.2.2. Amperometric detection.  
Clean gold electrodes were modified with CDC5-DAPBA as previously 
outlined. The free surfaces were then blocked with APAA and PBS-Tween and 
subsequently incubated with 5 µg/mL of gliadin in PBS-Tween for 30 min, followed by 
a final incubation with 100 µg/mL of anti-gliadin-HRP for 30 min. The amperometric 
response of the antibody-modified surface was recorded in PBS before and following 
two consecutive injections of 2 mM hydrogen peroxide (H2O2) and 2 mM hydroquinone 
(HQ). 
 
3. Results and discussion 
3.1. Deposition of CDC5-DAPBA on gold surfaces 
3.1.1. Electrochemical deposition at different potential cycling 
Figure 1a shows the strategy employed for the attachment of DAPBA to CDC5. 
Gold electrodes were modified with CDC5-DAPBA via electrochemical reduction of an 
aryl diazonium salt (100 µg/mL) in aqueous solution. Consecutive cyclic 
voltammograms were carried out in in situ-generated diazonium cations of CDC5-
DAPBA at clean Au electrodes (Fig. 1b). The first sweep showed two broad ill defined 
reduction peaks at +0.047 and +0.414 V versus Ag/AgCl with no associated oxidation 
peaks indicative of the loss of N2 and the formation of phenyl radicals, which then binds 
to the gold surface. The appearance of two reduction peaks may be associated with 
electrochemical reduction onto polycrystalline Au surfaces. This explains the formation 
of multi-peaks in CV curves due to the reduction of diazonium salts on different 
crystallographic sites of gold electrodes [39]. Subsequent scans showed a blocking of 
redox electrochemistry indicative of a passivated electrode, in this case, with an 
antibody layer. 
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Fig 1. a) Preparation of CDC-DAPBA conjugate. b) Cyclic voltammograms in situ 
prepared diazonium salt solution of (100 µg/mL) CDC5-DAPBA at gold electrode at 
100 mV/sec scan rate, at different number of potential scans (1, 2, 3, 4, 5, 10, and 20 
cycles).   
 
The modification processes was characterized using EIS and Figure 2 represents 
the Nyquist plots of the faradaic impedance in 1 mM K3Fe(CN)6 / K4Fe(CN)6 in PBS 
(pH 7.4) at Au electrodes modified via application of a different number of potential 
scans. As shown in Figure 2, the diameter of the semicircle representing the electron-
transfer resistance (Rct) increased with increasing the number of potential scans applied 
for the electrochemical reduction of in situ generated diazonium cations of CDC5-
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DAPBA onto the Au surface. The increase of Rct value after each cycle demonstrates the 
successful reduction and immobilization of CDC5-DAPBA onto Au. 
 






















Fig. 2. Nyquist plots of the faradaic impedance in 1 mM K3Fe(CN)6 / K4Fe(CN)6 
solution PBS (pH 7.4) at Au electrodes modified via application of different number of 
potential scans; 1(■), 2(□), 3(●), 4(○), 5(▲), 10(∆), and 20(▼) cycles, between +0.7 
and -0.4 V at 100 mV/sec scan rate vs Ag/AgCl, in in situ prepared diazonium salt 
solution of (100 µg/mL) CDC5-DAPBA 
 
3.1.2. Electrochemical deposition at fixed potential  
The modification of an Au surface was also carried out via the electrochemical 
reduction of CDC5-DAPBA diazonium cations at a fixed potential of -0.4 V at varying 
exposure times. The value of the applied fixed potential was chosen to be negative 
enough to allow the effective reduction of the diazonium moieties [36]. The 
permeability characteristics of the diazonium–antibody modified electrodes were 
investigated in 1 mM ferricyanide solution using EIS (not shown) and CV. As depicted 
in Figure 3, CV showed a controlled decrease in redox currents after 1, 2, and 3 
electrodeposition cycles of diazonium–antibody when compared to a bare gold surface.  
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Fig 3. Cyclic voltammograms in 1 mM K3Fe(CN)6 / K4Fe(CN)6 solution PBS (pH 7.4) 
at CDC5-DAPBA modified Au electrode, modified at fixed potential (-0.4 V vs 
Ag/AgCl) at different deposition times (0, 30, 60, 120, 180, 240, 300, 600, 1200 and 
1800 sec) in in situ prepared diazonium salt solution of (100 µg/mL) CDC5-DAPBA. 
 
The apparent kinetics of the deposition of the diazonium-modified antibody is 
much slower than the deposition of the unconjugated diazonium molecule, which would 
normally result in complete electrode coverage, even after one cycle. This is probably 
due to the relatively lower diazonium concentration in the assembly solution and slower 
diffusion rate of the large diazonium–protein complex as compared to unconjugated 
diazonium molecules. However, the ferricyanide peak is completely suppressed after 
one minute, which also could be attributed to the non-spcific binding of biomolecules. 
Therefore, a detailed washing study was carried out to remove the non-specifically 
adsorbed molecules (see section 3.2.1.). The EIS results (not shown) were in agreement 
with the CV results obtained, and the modified Au surface showed a very high charge 
transfer resistance (≅ 2 MΩ) toward ferricyanide diffusion after electrodeposition.       
 
3.1.3. Non-Electrochemical deposition at different exposure times 
Spontaneous grafting of diazonium molecules onto electrodes has been observed 
and is favoured on easily oxidizable metals [43]. The permeability towards ferricyanide 
on Au electrodes held at open circuit potential in diazonium–antibody solution for the 
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spontaneous grafting of the diazonium–antibody, CDC5-DAPBA conjugate was 
investigated. Figure 4 represents the impedance spectra recorded at Au electrode after 
immersion in CDC5-DAPBA solution (100 µg/ml) at different exposure times in 1mM 
Fe(CN)63-/4- in PBS (0.1 M, pH 7.4). As shown in Figure 4, the increase in charge 
transfer resistance was of only 5 kΩ changing the exposure time from 1 to 60 minutes, 
indicating that the spontaneous reduction of CDC5-DAPBA diazonium cations onto Au 
was not successful under these conditions as compared with the two previous methods 
for electrode modification (potential cycling and reduction at fixed potential).  
 

















Fig 4. Complex impedance plots in 1 mM K3Fe(CN)6 / K4Fe(CN)6 solution in PBS (pH 
7.4) recorded at Au electrode after immersion in in situ prepared diazonium salt solution 
of (100 µg/ml) CDC5-DAPBA, at different exposure times (0, 30, 60, 300, 600, 1200, 
1800, and 3600 sec). 
 
3.2. Surface Chemistry.  
3.2.1 Optimization of the washing step required for removal of non-specific 
adsorption of CDC5-DAPBA conjugate. 
Centrifugation or stirring is sufficient to remove unconjugated diazonium during 
diazonium protein modification so that the electrode properties are due to deposited 
antibody alone [32]. Therefore, to remove the non-specifically adsorbed molecules, 
washing steps were carried out via stirring in PBS-Tween. Figure 5a represents the 
Nyquist plots of the faradaic impedance in 1 mM K3Fe(CN)6 / K4Fe(CN)6 solution in 
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PBS (pH 7.4) at the CDC5-DAPBA modified gold electrode (modified via application 
of one potential cycling in diazonium salts solution) after consecutive washing steps. As 
shown in Fig 5, the charge transfer resistance (Rct) values decreased with increasing 
washing time, indicating the removal of the non-specifically adsorbed molecules.  
 


































 wash (100 min)
 2nd CV
 wash (30 min)
 3rd CV









Fig. 5. (a) Nyquist plots of the faradaic impedance in 1 mM K3Fe(CN)6 / K4Fe(CN)6 
solution in PBS (pH 7.4) at CDC5-DAPBA modified Au electrode (modified via one 
potential scan in its diazonium salt solution) after washing in PBS-Tween at different 
times; 0(■), 5(□), 10(●), 20(○), 30(▲), 40(∆), 50(▼), 60(∇), 70(♦), 80(◊), 90(◄) and 
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100(<) minutes. (b) Complex impedance plots for the modification process of Au 
electrode with CDC5-DAPBA, recorded after aaplication of the following consecutive 
steps; 1st CV for the electrochemical reduction of diazonium salt (■), wash for 100 min 
in PBS-Tween (●), 2nd CV (∆), wash for 30 min (□), 3rd CV (○), and finally wash for 90 
min (▲), recorded in 1 mM K3Fe(CN)6 / K4Fe(CN)6 solution in PBS (pH 7.4).  
 
 
The resulting free spaces were then backfilled with CDC5-DAPBA via 
application of a second CV at the same modified electrode in the CDC5-DAPBA 
diazonium solution, to increase the number of active sites immobilized on the electrode 
surface to enhance the immunosensing detection. The washing steps were carried out 
again to remove the non-specifically adsorbed molecules, followed by backfilling with 
CDC5-DAPBA via application of a third reduction CV of diazonium salt. The modified 
electrode was then washed in PBS-Tween. The modification processes including the 
reduction, backfilling, and washing steps were characterized using EIS in in 1 mM 
K3Fe(CN)6 / K4Fe(CN)6 solution in PBS (pH 7.4) (Fig. 5b). As shown in Fig 5b, after 
each reduction step, the impedance was highly increased, which then decreased 
dramatically after washing, indicating the presence of a high level of non-specific 
adsorption or electrostatic multilayer fomation. After washing, the Rct values obtained 
according to the number of reduction cycles, had the following sequence; Rct (3rd CV) > 
Rct (2nd CV) > Rct (1st CV), indicating the successful backfilling and immobilization of 
a higher amount of active sites well oriented on the gold electrode surface. The EIS 
results shown in Fig 5b indicates that three cyclic voltammograms are enough to fully 
cover the electrode surface, while washing steps after each reduction are necessary to 
remove the non-specific adsorption and empty a space for the following specific 
deposition.   
 
 
3.3. Immunosensing assay construction and characterization. 
 As previously explained in section 3.2.1., the modification of Au surface was 
carried out via electrochemical reduction of diazonium cations by three cyclic 
voltammograms which was enough to fully cover the electrode surface, and between the 
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reduction processes, extensive washing steps are necessary to remove the non-specific 
adsorption and empty a space for the following specific deposition.  
Figure 6 shows the strategy employed for immunosensor construction. After 
surface modification with CDC5-DAPBA, the free spaces resulting from the steric 
hindrance of the immobilized protein, was backfilled via the electrochemical reduction 
of phenylacetic acid diazonium cations. Figure 7 shows the consecutive cyclic 
voltammogram for the electrochemical reduction of phenylacetic acid diazonium 
cations in the potential range +0.7 to -0.4 V vs Ag/AgCl at 100 mV/sec scan rate at 
CDC5-DAPBA modified surface. As shown in Fig 7, an irreversible reduction peak was 
observed at -0.164 V with no associated oxidation peak, indicating the libration of N2 
gas due to the deposition of phenylacetic acid radical onto Au surface. A sequential 
decrease in reduction peak current associated with a shift in peak position was observed 
with each CV, indicating the deposition and successful backfilling of organic layer of 
phenylacetic acid, which is highly useful (after conversion of COOH to OH using 
EDC/NHS and ethanolamine) to prevent non-specifc adsorption. 
 
 
       
 
Fig 6. Strategy employed for immunosensor construction.  
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Fig 7. Cyclic voltammograms in in situ prepared diazonium salt solution of 100 mM 
APAA at CDC5-DAPBA modifed gold electrode for backfilling at 100 mV/sec scan 
rate via application of 3 continous potential scans vs Ag/AgCl. 
 
Figure 8 represents the impedance spectra of the successive building steps of the 
immunosensor construction, in 1mM Fe(CN)63-/4- in PBS (0.1 M, pH 7.4). As shown in 
figure 8, the Rct value was increased after immobilization of CDC5-DAPBA onto a 
clean gold electrode as previously explained in section 3.2.1., and the impedance then 
decreased after backfilling with APAA film. This decrease in EIS could be attributed to 
the removal of some specific or non-specific protein molecules from the modified 
surface and replaced by APAA. The carboxylic groups of APAA were then converted to 
hydroxyl groups using EDC/NHS and ethanolamine hydrochloride. Following blocking 
in ethanolamine, the modified surface was incubated in PBS-Tween (0.05 M, pH 7.4) 
solution for 30 min. The electrode was then exposed to 5 µg/mL gliadin in PBS-Tween 
solution for 30 min, followed by incubation with 100 µg/mL anti-gliadin-HRP in PBS 
for 30 min. Completing the sandwich sequence, the diameter of the semicircle  
increased with binding of each corresponding protein layer, with the increase of its 
value after each step demonstrating   immunocomplex formation [46]. 
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Fig. 8. Complex impedance plots in 1 mM K3Fe(CN)6 / K4Fe(CN)6 solution in PBS (pH 
7.4) recorded at a SAM of CDC5-DAPBA modified Au electrodes for the sequential 
immobilization steps of the immunosensing assay. 
 
3.4. Electrochemical detection of PWG.  
3.4.1. Impedimetric detection.  
Detection of gliadin on the modified electrodes was carried out using EIS and 
amperometry. EIS measurements were carried out in 1 mM Fe(CN)63-/4- in PBS (0.1 M, 
pH 7.4) in the frequency range of 0.1 Hz-100 kHz at a bias potential of +0.22 V and 5 
mV amplitude before and after binding of (0 and 5 µg/ml) PWG in PBS-Tween (0.05 
M, pH 7.4). The obtained spectra were fitted to an equivalent electrical circuit using the 
Autolab impedance analysis software. As shown in Figure 8 the Rct increased after 
incubation with 5 µg/mL gliadin whilst no response was obtained in absence of gliadin, 
indicating the specific binding of gliadin with the immobilized CDC5 anti-gliadin 
antibody.  
 
3.4.2. Amperometric detection. 
After modification of the gold electrode with CDC5-DAPBA and complete the 
construction of the sandwich as previously explained in section 3.3, the amperometric 
responses (Fig. 9) of the antibody-modified surface toward (0 and 5 µg/mL) gliadin 
concentrations were recorded at a fixed potential (-0.2 V vs Ag/AgCl) in PBS before 
and after the two consecutive injections of 2mM H2O2 and 2mM HQ under stirring. As 
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shown in figure 9 (inset), no change in the amperometric current was observed after 
injection of HQ in the absence of gliadin, indicating the prevention of the non-specific 
adsorption of the anti-gliadin-HRP. In the presence of 5 µg/mLl gliadin, the reduction 
current was increased to about 410 nA, indicating the specific recognition of gliadin by 
the CDC5-DAPBA modified Au surface.  
   
























∆I = 0 nA 
∆I = 410 nA 
Fig. 9. Amperometric responses at CDC5-DAPBA modified surfaces after two 
consecutive injections of 2mM H2O2 and 2mM hydroquinone in cell; in presence of 0.0 
(inset) and 5 µg/ml gliadin, respectively. 
 
4. Conclusions  
The full length anti-gliadin antibody CDC5 was coupled to 3,5-
bis(aminophenoxy)benzoic acid (DAPBA) via carbodiimide chemistry. The CDC5-
DAPBA was immobilized onto gold via the electrochemical reduction and non-
electrochemical adsorption of the corresponding in situ prepared diazonium salt, 
respectively. The spontaneous reduction of CDC5-DAPBA diazonium cations onto Au 
was not successful. The modification of Au surface was carried out via electrochemical 
reduction of diazonium cations applying three potential cycles, and between cycles, 
extensive washing steps were necessary to remove the non-specific adsorption and to 
liberate spaces for subsequent deposition. Two ill defined reduction peaks were 
observed in the first scan at +0.047 and +0.414 V, which disappeared in the second and 
third scans, indicating the successful immobilization of CDC5-DAPBA. The affinity of 
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the immobilized antibody towards gliadin was studied using EIS and amperometry. The 
modified CDC5-DAPBA surface showed a reasonable amperometric response after 
incubation with 5 µg/mL gliadin, while no response was observed in the absence of 
gliadin, indicating the excellent specificity. The approaches of surface modification via 
the electrochemical deposition of diazonium salts, either by modification of the surface 
with a linker and then binding the full length antibody to the immobilized linker using 
carbodiimide chemistry, or via one step immobilization of the prepared antibody-linker 
conjugate, are time consumingand very laborious, due to the extensive washing 
processes needed to remove both the formed multilayers and/or the non-specifically 
adsorbed protein molecules onto gold surface. Moreover, sequential depositions of the 
protein-linker conjugate onto the librated spaces, followed by blocking of the remained 
free surface with a hydrophobic moiety, were necessary to fully prepare the 
immunosensing surface. This immunosensor model based on diazonium deposition has 
a lower sensitivity (0.082 nA.ng-1ml) toward gliadin detection as compared with the 
F(ab) based immunosensor model (6.28 nA.ng-1ml). Further work is required to 
elucidate the underlying mechanism of what is going on at the electrode surface suring 
deposition in order to have a controlled deposition technique for the rational 
construction of immunosensor architectures. 
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CHAPTER 10:  
Conclusions and future work 
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10. Conclusions and future work 
10.1. Conclusions 
The present PhD is a component of an overall vision to construct a reagentless, 
washless and ultrasensitive biosensor, as explained in the introduction. The first aim of 
the main project (reagentless biosensor) can be achieved via the co-immobilization of an 
enzyme substrate (such as o-aminophenylphosphate) with the capture antibody on the 
electrode surface. To achieve the objectives of a washless biosensor, target sensitive 
liposomes can be exploited as the reporter label, encapsulating  a large number of enzyme 
molecules (such as alkaline phosphatase (ALP)) as well as a mediator, which can be used 
for substrate recycling of the electrochemically oxidized product of the enzymatically 
dephosphorylated o-aminophenol (o-AP) for signal amplification, achieving the goal of 
ultrasensitivity. 
One of the objectives of the present PhD was to find a suitable mediator that 
could be used for catalytic recycling of o-AP, and another important objective was to 
study different design strategies for capture antibody immobilization for the construction 
of immunosensors and their use for analytical applications. In the work reported here, we 
used gliadin as a model substrate – however, the generic platform developed could be 
applied to any target antigen detected using a sandwich format. 
Different potential mediators that could be used for the catalytic interaction with 
the enzymatic product o-AP, were evaluated and due to their well characterized 
properties, hydrazine, NADH and ascorbic acid were selected for further study. 
Hydrazine is used as an antioxidant and reducing agent; NADH plays an important rule in 
oxidoreductases and dehydrogenase systems and ascorbic acid (vitamin C) is an 
antioxidant whose detection is important in clinical and food applications. The 
electrocatalytic properties of o-aminophenol films grafted on glassy carbon surfaces have 
been employed for the electrochemical evaluation of hydrazine, NADH and ascorbic 
acid, to select the most relevant as a recycling mediator in the planned signal 
amplification strategy. To evaluate the best mediator, the reaction kinetics between 
mediators and the o-AP/o-QI were extensively studied using different techniques such as 
cyclic voltammetry, hydrodynamic voltammetry, double potential step 
chronoamperometry, and double potential step chronocoulometry. The calculated transfer 
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coefficients (α) were in the range 0.41 to 0.63 indicating that one electron transfer 
process is the rate limiting step. The diffusion coefficients (D) of the mediators from the 
bulk solution to the electrode surface were in the same magnitude, ranging from 2.4×10-6 
to 5.9×10-6 cm2s-1. The number of electrons transferred in the catalytic reaction was high 
(n = 4) in case of hydrazine leading to a low limit of detection (0.05 µM). Furthermore, 
the o-AP catalytic surface showed higher sensitivity (0.016 µA/µM) toward hydrazine 
oxidation compared to NADH and ascorbic acid, 0.014 and 0.012 µA/µM, respectively. 
The electrocatalytic rate constants (k) for the NADH system, of 1.1×105 M-1 s-1 is an 
order of magnitude higher when compared the rate constants of hydrazine and ascorbic 
acid, 4×104 M-1 s-1 and 3.8×104 M-1 s-1, respectively, indicating that the reaction between 
NADH and o-QI is the fastest of the three. In addition, sub-micromolar amounts of these 
mediators were detected, a property that could be used for highly sensitive analytical 
purposes. Of the three mediators evaluated, hydrazine is flammable, detonable, corrosive 
and highly toxic [1-3] and therefore difficult to handle. On the other hand, NADH is 
unstable and expensive [4,5] and electrode surfaces are easily fouled by the accumulation 
of reaction products during NADH oxidation [6]. On the other hand, ascorbic acid is 
cheap, easy to handle, safe, showed excellent electrocatalytic behavior, and is  compatible 
with hydrolases such as ALP for co-encapsulation purposes [7,8]. Therefore, ascorbic 
acid was selected as the mediator for regeneration of the o-AP film and substrate 
recycling.  
 We had thus demonstrated an interesting catalytic system for the oxidation of 
ascorbic acid, which is stable, sensitive and reproducible, and we decided to explore this 
system for clinical and food applications. In the first application, we targeted the 
determination of uric acid (UA) in the presence of ascorbic acid (AA), which commonly 
co-exist in biological fluids of humans, mainly in blood and urine. It is difficult to 
electrochemically differentiate between UA and AA at bare electrodes, while the o-AP 
surface facilitates a selective catalytic activity towards ascorbic acid. To this end, the o-
AP modified surface has been used for the detection of ascorbic acid in the presence of 
uric acid and vice versa, and was applied to the detection of uric acid in real urine 
sample, with the estimated UA content of that adult person (me) being 3.45 mM, 
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indicating normal levels of uric acid, falling within the normal clinical range of 0.79-7.9 
mM [9]. 
 The selective electrocatalytic properties of the grafted o-AP film toward ascorbic 
acid were also applied to its detection in real samples of fruits and vegetables using 
disposable one-shot screen printed electrodes. The o-AP modified screen printed 
electrodes showed high catalytic responses toward the electrocatalytic oxidation of 
ascorbic acid with a decrease in overpotential. The o-AP SPE sensor exhibited high 
sensitivity and selectivity toward ascorbic acid with excellent storage and operational 
stability, as well as a quantitatively reproducible analytical performance. The catalytic 
oxidation peak current of amperometric response was linearly dependent on ascorbic acid 
concentration in the range of 2–20 µM with a limit of detection of 0.86 µM. The 
modified screen printed electrode was applied to the determination of ascorbic acid in a 
large number of fruits, vegetables, and commercial juices, and our sensor exhibited 
excellent correlation with the standard spectrophotometric method [10]. 
 
In the second part of the present thesis, different surface engineering strategies of 
antibody immobilization for immunosensor construction using a linker or via direct 
attachment onto a Au surface using a strategy of self assembly. An alternative strategy 
explored was the direct anchoring of the antibody with or without a linker via the 
electrochemical reduction of their diazonium cations.  
 
  A comparison between these different surface chemistries methodologies for the 
construction of immunosensors towards the model analyte of coeliac toxic gliadin was 
carried out. Firstly, the self-assembled monolayer approach was evaluated based on the 
modification of gold surfaces with two bipodal carboxylic acid terminated thiols (thioctic 
acid and a benzyl alcohol disubstituted thiol, DT2). A stable SAM of DT2 was rapidly 
immobilized (3h) on Au as compared with thioctic acid (100h), although both surface 
chemistries resulted in highly sensitive electrochemical immunosensors for gliadin 
detection using an anti-gliadin antibody (CDC5), with detection limits of 11.6 and 5.5 
ng/mL, respectively. The developed immunosensors were then applied to the detection of 
gliadin in commercial gluten-free and gluten-containing food products, showing an 
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excellent correlation when compared to results obtained with ELISA. The antibody-
modified SAMs of DT2 showed higher stability compared to thioctic acid; in the first 
three days of interaction, an impedance decrease for the SAM of thioctic acid was 
observed, which could be related to the partial loss of some physisorbed antibody 
material, or destabilising effect of the antibody immobilization on the thioctic acid SAM. 
In contrast, electrodes modified with DT2 showed a slight impedance increase in the first 
day, remaining constant during the rest of the stability study.  
 
Exploring approaches to further improving immunosensor sensitivity and stability 
and furthermore to reduce the time necessary for sensor preparation, the direct attachment 
of the SATA modified full length antibody, and their F(ab) fragments onto Au electrodes 
was investigated. Spontaneously adsorbed SAMs of Fab-SH and CDC5-SH onto Au were 
rapidly formed in just 15 minutes. The amperometric immunosensors based on Fab 
fragments exhibited vastly improved detection limit as compared to the thiolated 
antibody with a highly sensitive response toward gliadin detection (LOD, 3.29 ng/ml for 
amperometric detection and 0.42 µg/ml for labelless (impedimetric) detection). 
Moreover, the self-assembled monolayer of F(ab) fragments was extremely stable with 
almost no loss in response after 60 days storage at 4oC, and this combined with the 
advantages of sensitivity, reduced biosensor preparation time and improved detection 
limit presents this approach as a very promising surface chemistry for immunosensors.   
 
An alternate surface chemistry approach was explored  for the modification of Au 
electrodes via electrochemical (i.e. CV at different potential cycling or via application of 
fixed potential at different deposition times) and spontaneous reduction (via dipping at 
different exposure times) in diazonium cations of a conjugate prepared from the 
monoclonal full length anti-gliadin antibody (CDC5) and the linker 3,5-
bis(aminophenoxy)benzoic acid (DAPBA). Voltammetry cycling was chosen for surface 
modification via three potential cycles, but it was observed that an extensive washing 
process was necessary after each potential cycle to remove the non-specifically adsorbed 
molecules or formed multilayers. The affinity of the immobilized antibody toward gliadin 
was studied using EIS and amperometry. The modified CDC5-DAPBA surface showed a 
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reasonable amperometric response after incubation with 5 µg/ml gliadin, and exhibited 
excellent specificity with no response observed in the absence of the analyte.   However, 
this immunosensor model based on diazonium deposition has a much lower sensitivity 
(0.082 nA.ng-1ml) toward gliadin detection as compared with the F(ab) based 
immunosensor (6.28 nA.ng-1ml).  
 
 The approaches of surface modification via the electrochemical deposition of 
diazonium salts, either by modification of the surface with a linker and followed by 
cross-linking with the full length antibody, or via one step immobilization of the prepared 
antibody-linker conjugate, are time consuming and very laborious requiring extensive 
washing, and further exploration is required to understand how to control deposition to 
avoid complex multiplayer formation.   
From the different surface chemistry strategies evaluated in this work we can 
conclude that the best approach is the immunosensor based on the spontaneous 
adsorption of thiolated F(ab) fragments on gold. This surface is easy and fast to prepare, 
very stable and sensitive and can be stored for long times in the appropriate conditions 
without lost of affinity. A good alternative to this approach seems to be the 
electrodeposition of antibody-diazonium conjugates, although further work is needed in 
order to optimize this system. 
 
Overall, this work has contributed significantly to the vision we have for an 
immunosensor that avoids washes and reagent addition, where we have selected an 
excellent mediator for co-encapsulation with alkaline phosphatase enzymes within 
liposome reporter molecules, for regeneration of surface immobilised substrate following 
enzymatic dephosporylation, facilitating substrate recycling and increase in sensitivity 
and reduction in detection limit. Furthermore, we have selected an optimum surface 
chemistry for co-immobilisation of capture antibody molecules and enzyme substrate via 
the formation of self-assembled monolayers of antibody fragments on gold surfaces.  
Future work will focus on combining the selected mediator and surface chemistry into a 
sandwich immunosensor with a target sensitive liposome reporter molecule, to 
demonstrate a reagentless, washless ultrasesensitive immunosening platform. 
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10.2. Future work 
- Preparation of sensitive target liposome encapsulated with ascorbic acid and ALP 
and/or HRP. 
- Co-immobilization of catching antibody F(ab) fragments and o-
aminophenylphosphate substrate onto the same electrode surface. 
- Optimize the immobilization and detection parameters such as deposition ratio, 
deposition time, and incubation times for the biosensor construction.   
- Use the optimized biosensor model for analytical applications.   
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